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ABSTRACT 

The main objective of this research was to obtain optimum forging load and temperature to 

investigate the fatigue life for the pickaxe piercing die made of AISI-H13 which was working 

under hot forging process in Kotebe Metal Tools Factory. The die supported to manufacture a 

pickaxe with circular whole diameter of 52mm. Under estimation of the optimum forging load, 

the temperature of the pickaxe piercing die, the temperature of die and work-piece, the stoke 

length of the forging press, press ram speed and coefficient of friction were considered as input 

parameters. This research approach combined analytical and numerical analysis to find a 

solution to set target (for estimating the forging load). The geometrical model of the dies and 

work-piece have been modelled using geometrical modelling software (SOLID WORK) and 

simulated using numerical simulation  software(DEFORM-3D),wchich was adopted to simulate 

the forging processes using the input parameters. Then, the fatigue life of the lower die was 

analyzed using ANSYS software. To optimize the forging process parameters (dies and work-

piece temperatures as well as coefficient of friction), the Taguchi optimization technique based 

on analysis of variance (ANOVA) and Analysis of mean value (ANOM) was applied. The forging 

process parameters were considered as experimental factors and the optimization of the forging 

load was considered as experimental objective. In order to obtain optimum forging load, the 

forging process parameters are examined using a three-level full factorial design of experiments 

and analyzed using MINITAB software. As an output ,the obtimum forging load,working 

temperature and coefficient of friction were identified with values of 2.16MN,1050C, and 0.3 

respectively. Among the three forging process parameters,workpiece temperature is the most 

significant parameter followed by coeffiecent of friction and die temperature to get the lower 

required forging load.Their percentage contribution to the forging load was 61.33,37.12, and 

0.87% respectively. The results of the simulation and the mathematical model were compared for 

validation and the identified results agreed with each other. By implementing the minimum  

optimized forging load(2.16 MN), the fatigue life of the lower pickaxe piercing die can be 

extended to 106 cycles until the die fracture.    

 

Keywords: forging parameters, forging load, optimization process, fatigue life, pickaxe die 
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CHAPTER1: INTRODUCTION 

1.1 Background 

Forging is a deformation process in which high compressive forces are applied to a metal (work-

piece) above the yield strength in two dies, resulting in plastic deformation of the work-piece. 

Forging is an important metal forming process, because the parts from the forging process have 

better mechanical properties than other manufacturing processes. This process refines the grain 

structure of the metal, removes any gas pockets or voids, improves chemical segregation, 

mechanical and physical properties, thereby increasing reliability and consistency. In general, the 

forging process can be classified according to the forging temperature (hot, warm, cold), forging 

machines (hammer, press), and forging dies (open die, impression die, and flash less die).  Hot 

forging is done at temperatures above the recrystallization temperatures, typically 0.6Tm, or 

above, where Tm is the melting temperature of the work-piece. During hot forging, lower loads 

are required because the flow stress gets reduced at higher temperatures[1, 2].  

Dies and tools used in the hot metal forming (extrusion, forging, rolling, etc.) are exposed to high 

pressures (forces), elevated temperatures, and mechanical and thermal fatigue. The three main 

modes of die failure in-service are fatigue (brittle failure caused by crack propagation), wear 

(gradual wearing out of the bearing surface), and deflection (plastic deformation). Fatigue failure 

starts with the development of fatigue cracks, the propagation of which ultimately leads to the 

inability to produce quality products. The concentrated and cyclical stress and brittle failures are 

generally located at a cross-sectional change, a sharp corner, stamp mark, etc. Large cyclic 

stresses combined with regions of high stress concentration in cavities leads to the formation 

(initiation), growth and propagation of cracks[3]. The friction between the billet and the die land 

results in wear and surface tear. Thus, the accumulated wear can lead to die failure. In forging 

processes, the preheating of the die and billet (work-piece), a high forging pressure in the die and 

the unbalance forces between the die and the billet can lead to deformation or deflection of the 

die. These deformations and deflections could also lead to die failure. Among the three common 

die failure modes, approximately 46% of die failures are fatigue fracture, 26% are wear, 9% are 

deformation or deflection, and the rest are the miscellaneous failure modes. Out of these three, 

fatigue fracture is the principal cause of failure[4]. Fracture mechanics methods are used to 

investigated the three stages of fatigue life, crack initiation, crack propagation and final fracture. 
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Therefore, in order to determine the safe service life, the investigation of fatigue life due to 

cyclic load, loading is an important design criterion.  

The finite element method (FEM) is the most commonly used numerical technique in the hot 

forging process and is carried out at different forging temperatures to study the effect on the 

effective stress of the die material. The results of the FEM analysis show that the effective stress 

decreases as the initial temperature of the work-piece increases. The most common analytical 

methods used to estimate the forging loads are slip-line, slap-line, and upper bound. The 

predicted pressure distribution and forging forces are used to compare the methods for a number 

of forming conditions. By minimizing the forging load, the stress induced in the die was reduced 

and the life of the die was increased.  Process parameters (factors) such as work-piece 

temperature, die temperature, friction coefficient, and die speed affect the forging process, which 

must be appropriately controlled or monitored during the forming process. To validate the 

model, verification is required by comparing some parameters from measured experimental tests 

with the values of some parameters obtained by simulation software. 

1.2 Statement of the problem 

 The hot forging die is critical part of the hot forging process. Due to the variation in forging 

load, the die fails due to fatigue. The die used in the hot forming of metals is exposed to high 

pressures, elevated temperatures and mechanical and thermal fatigue load. Due to the 

involvement of multi-forging process parameters in the hot forging operation, users face the 

challenge of controlling (monitoring) the process parameters in the forging process. Because of 

this problem, the die was overstressed (overloaded) by fluctuations (variation) in the forging load 

and exposed to mechanical fatigue loading, resulting in premature failure of the die. Therefore, 

the cost for the user due to the replacement of defective die materials and production downtime 

are high. In order to reduce the cost of failed die material, maintenance costs, production 

downtime costs and to extend the service life (fatigue life) of the forging die, maintaining 

optimal forging load and forging temperature is the critical concern required. Controlling 

(monitoring) the forging process parameters in terms of the properties of the die material as well 

as optimizing the forging load and forging temperature is the first task for the next fatigue life 

investigation of the pickaxe piercing die. by using optimized forging load and temperature in the 

forging operation, accurate die life prediction can be achieved. 



Fatigue Life Investigation For AISI-H13 Used for The Application of Pickaxe Die Using Numerical and Analytical 

Method 

3 

 

1.3 Objective of the Study 

1.3.1 General Objective  

The objective of this research is to obtain optimum forging load and temperature to investigate 

the fatigue life for AISI-H13-die material used for the application of pickaxe piercing die 

adopting numerical simulation. 

1.3.2 Specific Objectives 

▪ To identify the forging process parameters and their effect on the die fatigue life.  

▪ To investigate the effect of forging process parameters on the forging operation. 

▪ To model the forging process by using finite element modeling (FEM) software. 

▪ To predict (estimate) the forging load using analytical and numerical methods, optimize 

and validate the results with each other.  

1.4 Limitations and Scope of the Study 

This study investigates the fatigue life of pickaxe piercing die which was working under elevated 

forging temperature in the hot forging industry. Two methods of theoretical analysis are 

employed in this problem: the finite element method (FEM) and analytical methods (Slip-Line 

and slab-line Methods). For economic reasons, the experimental test (laboratory test) for the 

pickaxe piercing die was not performed. For the analysis of the forging process and fatigue life 

of the die, the finite element method was adopted using the commercial software DEFORM-3D 

and ANSYS, respectively. Due to the involvement of multi-parameters in the forging process, 

the pickaxe piercing die is venerable for different types of failures such as mechanical and 

thermal fatigue, wear, and plastic deformation. This study focuses only on mechanical fatigue 

and does not consider thermal fatigue, wear, and deformation. The exclusion of these failure 

analyses represents a limitation of the study.  

1.5 Organization of the Study 

The entire thesis contains six chapters in addition to appendices and references. Chapter one 

outlines the background of forging and the main objective of the project, as well as the specific 

objectives of this research and the overall perspective of the document. Chapter two gives a 
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literature review on forging and the failure mechanisms of forging dies. Chapter three describes 

the material, method and conditions. Chapter four discusses the analytical methods approach. 

Chapter five discusses the results of the experiment and the validation of the data. Chapter six 

represents conclusions and future recommendations. 
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CHAPTER2: LITERATURE REVIEW 

2.1 Introduction 

This chapter covers the overview of different research works related to metal forging processes, 

potential failures encountered in the hot forging process and previous related research work to 

the selected research topics. Hence, the review is organized based on mathematical and 

numerical modeling techniques of the forging process and effects of process parameters in die 

life. 

2.2 Previous Related Work 

2.2.1 Based on Effect of Stress and Fatigue Life of Dies 

Sam Josh et al. [5] investigated the impact of the initial die temperature on the effective stress of 

the die material by performing a Finite Element Analysis using DEFORM 3D simulation 

software at various die temperatures ranging from 150°C to 350°C. The result showed that the 

effective stress of the die decreases as the initial temperature of the work piece increases. Ayer[6] 

used numerical analysis techniques to study the AZ31 magnesium helical gear forming process. 

Temperature change, effective stress, effective strain, and forming load were all calculated using 

a 3D finite element analysis. B.A. BEHRENS and T. HADIFI[7]  conducted thermomechanical 

fatigue tests to simulate loading conditions in the die cavity, which was the location where the 

highest mechanical load and temperature are found at the same time. The experimental tests were 

conducted to understand the fatigue behavior of the steel and to provide test data for FEA-based 

simulations. To reproduce the material’s behavior in the tests, a Chaboche-type material model 

available in the nonlinear FEA solver LS-DYNA is used. Based on this approach, a very good 

agreement between simulation and experiment was achieved. Olivier Brucelle and Gérard 

Bernhart [8] describe the methodological approach used to investigate the reasons for cracking 

and propose a solution to increase service life. They used a combined numerical and 

experimental approach. Their work clearly shows the advantages of a methodology based on 

combined numerical and experimental approaches to determine the thermomechanical stress field 

in hot forging tools in order to derive solutions for extending the service life. Bernd-Arno 

Behrens et al.[9] investigated the effect of different radii on the lower die of the forming tools. It 

was found that a larger radius leads to a reduction in stresses, and they conclude that their results 
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will be used in further research to calculate tool life under thermomechanical cycling. Johng-

jokim and chang-hyok choi [10] investigated the life of the forging die based on the fatigue life 

and the amount of wear, which were considered to estimate the die life. The main objective was 

to develop the equations to adapt finite element analysis to life estimation for a hot forging die. 

The Archard's model was used to estimate the wear life of the die, and the Goodman's and 

Gerber's equations were applied using the stress-life method to estimate the fatigue life. Gh. 

Seyed Bagheri et al.[11]  studied the hot forging process of a spline hub and were simulated using 

the finite volume method to investigate the applied stress states of the forging die. The influence 

of controllable parameters (e.g., - forging temperature and flash thickness) on fatigue life was 

also investigated. The Results show that increasing the forging temperature and flash thickness 

both lead to an increase in fatigue life. Shravan Kumar and ChakradharGoud S [12] Analyzed the 

lower die using ANSYS software to identify the stress areas and examined the damage to the D6 

material in critical areas. In the beginning, a load application model was used in numerical 

simulation. Using the model, a crack and failure analysis of the die was carried out, and the 

optimum arrangement of the cracked die during heat treatment and non-heat treatment was 

determined. Deformation, principal stresses, stress intensity, and equivalent stresses are just a 

few of the variables they consider when creating impact analyses. A static impact load was found 

to cause variations in the cracking tool's stress.  Erik Calvo-García et al. [13] examined the axial 

fatigue behavior of two H13 hot forging tool steels at room temperature within the HCF domain. 

The Two steels that met the same H13 specifications were used for the fatigue tests. For 

comparative purposes, stress values leading to the HCF domain under normal conditions were 

used in these fatigue tests, which were also performed on specimens in contact with a corrosive 

medium. 10 Hz sine waveforms with a stress ratio of zero were used to load-control all of the 

tests. Before the fatigue tests, a microstructural analysis was conducted. The corrosion fatigue 

lives of the H13 steels were found to be significantly lower than the fatigue lives obtained under 

normal conditions, as demonstrated by the fatigue test results. Furthermore, a reduction in fatigue 

life was observed even when the test stress range was reduced. The mechanical damage resulting 

from applied stress was significantly greater than the corrosion damage at higher stress levels. As 

a result, it was discovered that the fatigue life was constant irrespective of the testing 

environment. Microstructural and surface defects were the cause of the cracking in the normal 

tests of the microstructural analysis, whereas corrosion pit formation was the cause of the 
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cracking in the corrosion fatigue tests. Furthermore, a fracture surface analysis showed that 

different crack propagation areas were seen in the two steels. The fracture surface analysis 

suggested that the two steels had different levels of fracture toughness. 

2.2.2 Based on Forging Process Parameters and Optimization  

Japeth Oirere Obiko et al.[14]  carried out research on utilizing the Taguchi method and Deform-

3D simulation software to optimize the forging process for X20 boiler pipe steel. The analysis 

was conducted using three forging factors: the coefficient of friction, die speed, and cylinder 

temperature. The results showed that the forging parameters have a significant difference with 

the responses (forging load and maximum tensile stress). Om Prakash Kumar and Vivek 

Kumar[15] optimized pitman arm forging parameters by modifying the design and process 

parameters with the aid of simulation software based on finite elements (Deform 3D). Effective 

and efficient optimization was achieved with the aid of the simulation software. The forging load 

was used as the objective function of the study, and Taguchi design was used to analyze the data 

in order to get the optimal results. The optimal values for the work-piece temperature, the die 

temperature, the coefficient of friction, the damage, and the flash thickness were all determined 

using the optimal forging load. Kumar Satyam et al. [16]  investigated the effect of design and 

process parameters on forging die load. The FEM based simulation software package DEFORM 

3D V6.1 was used to simulate the hot forging process for connecting rod. Four parameters, 

namely flash thickness, billet temperature, friction coefficient, and corner radii, were found to be 

the most significant parameters affecting the forging die load under a confidence level of 95%. 

Rajkumar Ohdar et al. [17]  used 3D finite element analysis DEFORM 3D Software with Taguchi 

method to simulate the closed die forging process for automobile spring saddle. Series of 

optimization iterations were performed to achieve optimal level of process parameters. Flash 

thickness, billet temperature and friction coefficient were considered as the most significant 

parameters affecting the response. Turki Diwan Hussein et al. [18] used the finite element 

software ABAQUS to analysis and simulate the deformation process. The main objective of the 

work was to develop a new design and create a virtual experimental model to minimize the 

generation stresses in hot forged products by controlling some parameters and variables. Akshay 

S Nandalgaonkar and Sachin C Borse[19]  studied the metal forming behavior during closed die 

forging of an automotive driveline component (Yoke). The Forging process was simulated in the 
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SIMUFACT Software. The effect of selected forging parameters on the forging load and 

effective stress is determined. It was found that the billet temperature, die temperature, flash 

thickness and friction have a significant effect on the forging load. Among the four parameters, 

the temperature of the billet was the most significant parameter followed by the flash thickness 

and the friction factor (in that order). M. Jolgaf et al. [20] conducted a numerical simulation for 

the closed die forging process of AlMgSi matrix with 15% Sic particles was simulated with 

ANSYS software to investigate the material flow behavior and predict the forging load and strain 

distribution. The forging process was optimized using the ANSYS optimization module. 

2.2.3 Based on Forging Force Estimation Methods  

Maryam saleh[21] conducted a study on forging process of the tools (dies), analyzing the forging 

problems with analytical methods (upper bound approach) and comparing the results with 

simulation and experimental results. The analytical result agreed well with software simulations 

and experimental findings. D.Sheth et al. [22] used both theoretical (analytical) modeling and LS-

DYNA modeling in order to facilitate the FEM analysis for forging load determination. In order 

to predict the forging load on the lead for a typical axisymmetric upsetting operation with 

inclined surfaces, theoretical estimation was conducted using the slab method. Using the LS-

DYNA software, a simulated model was created and the results from the theoretical estimates 

were compared. The accuracy was verified by the forming loads calculated from FEA using LS-

DYNA, which were found to be fairly close to the experimental results with percentage errors 

within 6%. Forging load estimates in theoretical values were slightly higher than in experimental 

observations. Ayer23] used a combination of the upper bound method (UBM), neural network 

model (NNM), and finite element method model (DEFORM-3D software) to simulate and 

predict the deformation load in bimetallic materials that are upsetting. Without the need for 

experiments, the suggested ANN, FEM, and UB models predict the forming load and offer 

insightful information about the parameters influencing the forming load.  

2.3 Effect of Forging Parameters on Die Life 

2.3.1 Forging Temperature  

Temperature is an important factor (parameter) in metal forming because the properties of a 

metal change as the temperature increases. Therefore, the metal responds differently to the same 
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manufacturing process when it is performed at different temperature. At low temperatures, good 

surface finish, strength and hardness, and closed tolerance can be achieved during forging, but 

the amount of stress required to deform the metal is higher. As temperatures increase, 

deformation becomes easier, ductility increases, and the metal’s grain structure is refined 

resulting in better physical properties. In addition to the lower flow stress, the service life of 

work tools also reduced at higher temperatures. Because lubrication is more difficult, the work 

metal tends to oxidize, abrasive scales appear, and poor surface finish result from the lack of 

adequate lubrication, oxide scales, and roughened dies. In general, increasing the hot forging 

temperature reduces the flow stress, the strain hardening coefficient and thus the forging 

resistance of the material to deformation (the forging load requirement would go down). The 

plastic deformation and friction generate additional heat during the forging process. A fraction of 

the mechanical energy generated during the forging process is converted into heat. This can 

contribute to an increase in forging temperature if the strain rate is reasonably high. The 

temperature distribution and magnitudes in metal forming are primarily affected by the initial 

temperatures of the workpiece and die, heat generation at the work-piece-die interface from 

plastic deformation and friction, heat transfer between the workpiece and dies, and heat transfer 

between the workpiece and the environment (coolant, air, lubricant, etc.)[23]. The average 

instantaneous temperature in the deforming work-piece can be estimated by: 

Tavg = TW + TD + TF − Tcon + Trad + Tcov                          [2.1] 

Where, Tw= the initial work-piece temperature 

            TD= the temperature increases due to plastic deformation 

TF = the temperature increases due to interface friction 

Tcon= the temperature drops due to heat transfer into the dies by conduction 

Tcov= the temperature drop due to convectionto the environment  

Trad= the temperature drop due to radiation to the environment  

2.3.2 Die Temperature 

Preheated dies are generally used in the hot forging process to avoid thermal stress effect at die 

and work piece interface which reduces the metal flow at surfaces. The heated dies also facilitate 

die filling and reduce forging pressures. Forging work-piece cooled very rapidly if dies are not 
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heated due to conduction between forging work-piece and the dies. From the rule of conservation 

of energy as shown in following formula; 

Q = qcon + qrad + qcov                               [2.2] 

Where Q=total heat loss 

qcon= heat losing by conduction 

qrad= heat losing by radiation 

qconv= heat losing by convection 

 

Figure 2. 1: Cooling of forging work piece 

Table 2. 1: Die Temperature Ranges for Different Forging Equipment 

Forging Equipment Die Temperature Range (OC) 

Mechanical Presses 150-260 

Hammers 95-150 

Hydraulic Presses 315-430 

Roll Forging 95-205 

2.3.3 Friction  

Metal forming process involves larger forces for deformation and hence high pressure exists 

between the contact surfaces of the die and the work metal. Since, friction is the resistance to 

sliding along an interface, the higher the contact pressures, the higher will be the friction 

resulting in an increase in the deformation resistance of the work metal. The frictional resistance 

is due to the surface asperities that are present at the micro- scale on both the dies and the work 

piece[24].  Friction increases the amount of force or power required to perform an operation. 
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Friction dissipates energy and increases the force required to deform a material because it 

generates heat and hence increases the force needed to deform a material. The generated heat 

complicates the control of the deformation temperature. It can affect the material flow during 

deformation and leads to inhomogeneous deformation[16].  

 

Figure 2. 2: Schematic diagram for friction effect for forging die [44] 

2.3.3.1 Modeling of the Effects of Friction on Forging Process 

The coefficient of friction (μ) during a forging operation plays an important role in the plastic 

deformation behavior of metals when they deform with large deformation during manufacturing 

processes. The coefficient of friction is a system property rather than a material property because 

it depends on the work-piece material, the die material, and a lubricant[25].  

Model one: The first model is referred to as Coulomb's law. The frictional stress component is 

directly proportional to the pressure that exists between the die and the work piece at the point of 

interest. The value of µ can vary between  0 and 1/√3 (i.e., 0.577). At low pressure, this equation 

is a good description of the frictional stress component. Using coulomb’s friction law 

µ =
Ʈ

P
⇒ Ʈ = µ ∗ P                                          [2.3] 

Model two: The second model is called the constant friction factor equation. It is assumed that 

the frictional stress component represents a fraction of the flow strength (σo)of the work piece. 

This can be better described at higher pressures at the interface. 

Ʈ = m
σo

√3
                                                            [2.4] 
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2.3.4 Lubrication 

In order to avoid metal-to-metal contact, lubricants are used. Lubricants used in the 

manufacturing industry for metal forming processes included vegetable and mineral oil, soaps, 

graphite dispersed in grease, water-based solutions, solid polymers, wax, and molten glass. Oil-

based lubricants can cause excessive wear (erosion) due to the explosion-like combustion of oil 

between the billet and the cavity[26]. On the other hand, water base lubricants cool the die 

surface to a greater extent, increasing the risk of cracks due to thermal fatigue.  

 

Figure 2.3: Stribeck -curve-Different frictional regimes in forming operations[24] 

2.3.5 Flow Stress of Metals 

Flow stress is the instantaneous stress value that is required for continuous deformation of the 

material. Factors (parameters) related to the deformation process are deformation temperatures 

(T), degree of deformation or strain (ε), and rate of deformation or strain rate (ε̇). Therefore, the 

flow stress (σo) can be expressed as a function of temperature (T), strain (ε) and strain rate( ε ̇): 

σo = f(T, ε, ε̇)                                               [2.5] 
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In hot forging of metals at temperatures above the recrystallization temperature, the influence of 

strain rate (i.e., rate of deformation) becomes increasingly important. In cold forming), the effect 

of strain rate upon flow stress is negligible, and the effect of strain (i.e., strain hardening) on the 

flow stress is the most important. At a given temperature, it is possible to approximate the 

variation of flow stress (σo) as a function of strain rate (ε̇) by: 

σo = Cε̇m                                                     [2.6] 

The constant C, indicated by the intersection of each plot with the vertical dashed line at strain 

rate =1.0, decreases with increasing temperature and m (slope of each plot) increases with 

increasing temperature. As the temperature increases, the strain rate becomes increasingly 

important in determining flow stress. 

Table 2.2: Values of strength constant(C) and strain rate sensitivity (m) for AISI1045 

Material-

AISI1045 

Strain(ε) 

 

Temperature 

(900 0C) 

Temperature  

(10000C) 

Temperature 

(11000C) 

Temperature 

(12000C) 

m C(Mpa) m C(MPa) m C(MPa) m C(MPa) 

0.05 0.080 175 0.089 104 0.100 77.2 0.175 55 

0.10 0.082 199 0.103 129.6 0.125 93 0.168 64.8 

0.20 0.086 229.6 0.108 157 0.128 106 0.167 72.4 

0.30 0.083 244 0.110 169.6 0.162 106.8 0.180 74.5 

0.40 0.105 244 0.134 170.3 0.173 108.9 0.188 74.5 
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 Figure 2.4: Effect of strain rate on flow stress at an elevated work temperature. 

2.3.6 Forge Ability of the Material 

A metal’s forgeability refers to the ability to undergo deformation without causing defects such 

as discontinuities or cracks. Common tests for forgeability include upsetting and hot-twist. The 

test is recommended to be performed at similar operating condition as experienced in forging, 

such as temperature, strain rate. The forgeability also depends on material characteristics such as 

tendency to grain growth and oxidation.  Relative forgeability can be directly used for open die 

forgings, whereas die filling ease as a function of relative forgeability and flow stress/forging 

pressure is applicable to closed die forging[24]. 
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Figure 2.5: (a) Relative forgeability and flow stress/forging pressure[24] 

2.3.7 Shape Factor of Component and Die  

The metal flow in the die cavity is strongly influenced by the geometry of the component and 

die. The simple shaped parts are easier to forge, compared to the complex shaped parts. The 

components with higher surface area per unit volume can called complex shapes for forging. 

These parts with increased surface area are more critically affected by friction and temperature 

variation. As a result, the forging load tends to increase to completely fill the die cavity. 

2.4 Fundamentals of Plasticity in Metal Forming 

In deformation, the internal resistance within the work piece to these external loads applied to the 

work piece varies from point to point. The measure of this resistance is the internal stress that 

exists in the work piece. when plastic deformation occurs at a specific point in the work-piece, 

the internal stress is equal to the flow strength of the material at that point[27]. 

2.5 Causes of Die Failure 

Factors affecting the life span and wear of the die depends on several factors, including die 

material and hardness, composition of the work-piece metal, forging temperature, condition of 

the work-piece metal on the forging surfaces, type of equipment used, and work-piece design. 

The three-main cause of premature die failure are died overload, wear, and overheating[16].  
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2.5.1 Overloading of the Die 

An overloaded die wears out rapidly and can break. Overloading can be avoided by careful 

selection of die steel and die hardness, use of blocks of sufficient size, proper application of 

working pressure, proper die design to ensure correct metal flow, and proper seating of dies in 

the hammer or press[16].  

2.5.2 Wear on the Die 

Wear is particularly severe if the design of the forging is complex (difficult-to-forge), if the 

metal being forged has high heat strength, or if there are metal scales on the work-piece metal. 

Wear cannot be eliminated, but its effects can be minimized through good die design. This also 

includes a smooth transition of the forging’s shape from one die impression to the next, careful 

selection of die composition and hardness, and a forging technique that includes: proper heating, 

and necessary descaling, and correct die lubrication[16].  

2.5.3 Overheating of the Die 

When a die becomes hotter, the resistance to wear is decreased. Overheating causes most of the 

premature die wear that occurs in forging. Overheating is likely to occur in the areas of the die 

impression that project into the cavity. Additionally, continued forging can cause overheating. If 

an internal die cooling system that prevents overheating cannot be economically provided, dies 

that are vulnerable to overheating should be constructed from steel with high heat resistance. 

2.6 Mechanical Fatigue Life Analysis Approaches  

There are three major fatigue life methods for estimating fatigue life, each of which is more 

accurate for some types of loads or materials. The three methods are: the stress-life (total life) 

method, the strain-life (crack initiation) method and, the fracture mechanics (crack life) method. 
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Figure 2.6: Survey of approaches for fatigue assessments 

2.6.1 Stress Life Method 

Stress Life is concerned with total life(crack initiation plus crack life) and does not distinguish 

between initiation and propagation. Stress Life is based on S-N curves (Stress – Cycle curves) 

and has traditionally dealt with relatively high numbers of cycles(greater than 105 cycles 

inclusive of infinite life) and therefore addresses High Cycle Fatigue (HCF)[28]. From the S-N 

diagram, the die fatigue life can be determined based on the given amplitude and mean stresses.   

Nf = Ne ∗ (
σa

Se
)

1/b

                                             [2.7] 

Where, Ne=number of cycles till fatigue limit, Nf=number of cycles till failure, σa=stress 

amplitude, and Se=Endurance limit. Forging dies are loaded and then completely unloaded, they 

ideally have ratios of R=0 and A=1, this means that using Gerber or Goodman’s equations to 

deduce the cycles till failure is useless. Therefore, the graphical approach was used and 

endurance limit was estimated. 
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2.6.2 Strain Life Method 

Strain Life is typically concerned with crack initiation.In terms of cycles, Strain- Life typically 

deals with a relatively low number of cycles(fewer than 105 cycles) and therefore addresses Low 

Cycle Fatigue (LCF). 

2.6.3 Fracture Mechanics (Crack Life) Method 

The linear elastic facture mechanics (LEFM) methods assumes that a small crack already exists 

in the material and calculates the number of loading cycles required for the crack to grow large 

enough to completely fracture the remaining material. LEFM assumes linear elastic material 

behavior only. For this to be successful, the plastic zone in front of the crack must be small 

compared to the crack length[29] This method is more applicable to high cycle fatigue. LEFM 

usually dominates in brittle materials and the crack growth criterion is described by the stress 

intensity factor (SIF). There are cases where LEFM does not control (govern) the growth rate of 

fatigue crack, e.g., such as short crack growth, crack growth in welded areas, low cycle fatigue, 

crack growth under large scale flow condition (yielding regime), etc. In such cases, the elastic 

plastic fracture Mechanics (EPFM) parameters J-integral and CTOD can be used as a driving 

one’s force for cracks can be considered[30]. 

 
da

dN
= C(△ K)m                                                        [2.8] 

where ΔK is the range of the SIF during a fatigue cycle, C and m are the material characteristics, 

and da/dN is the rate of crack growth. 

2.7 Methods of Forging Load Analysis  

Analytical methods require a simplification of the problem, but give a quick overall sense of how 

the processes work and the influence of key process variables (parameters). They also provide 

simple checks on sophisticated numerical analyses. A primary objective of mathematical analysis 

of a forging process is to estimate the forging load. Modeling methods that have been used for 

analyzing metal forming problems include[31]: 

2.7.1 Upper Bound Theorem 

The upper bound approach based on estimating the external work with the internally energy for 

deformation. There are two sets of limit theorems: upper bound and lower bound. The lower 
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bound theorem is not widely used for forming because it underestimates forging loads. The 

upper bound analysis overestimates the forming load. The upper bound and lower bound limit 

theorems are the two sets of limits. The actual loads needed are located in the region between the 

upper and lower limits. Compared to the slip line field approach, limit analysis is practically 

more accurate and is generally much simpler to apply to a problem.  

2.7.2 Slip Line Field Analysis 

Slip line field analysis is used to model plastic deformation in plane strain only for a solid that 

can be represented as a rigid-plastic body. It is more accurate for non-homogeneous deformation 

(do not assume homogeneous uniform deformation). This method analyses the quite simple 

problem of the pressure under the indentation of a narrow frictionless punch. It also applied to 

forming processes such as rolling, strip drawing and slab extrusion. Slip lines are planes of 

maximum shear oriented at 45 degrees to the axes of principal stresses. Maximum and minimum 

slip lines are orthogonal. In the slip-line field method, the metal outside the plastic zone and the 

tools are assumed to be rigid. The rigid material upstream of the plastic zone changes to the 

plastic state during steady-state forming when it crosses the boundary slip line. Thus, the slip-

line field method, like the uniform energy method and the slab method, ignores the effects of 

elastically loaded material surrounding the plastic zone[32]. 

 

Figure 2.7: Schematic diagram for slip-line analysis 

The upper-bound theorem states that the estimate of force obtained by equating internal energy 

dissipation with external forces is equal to or greater than the correct force. 
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Ė = Ẇinternal + Ẇshear + Ẇfriction ≥ Forming Load ∗ Velocity of punch 

∫ σ̅ε̇dV +
𝑉

∫ K|ΔV|dS +
𝑆Г

∫ mK|ΔV|dS ≥
𝑆𝑓

F ∗ u = σavg ∗ u ∗ A 

▪ ∫ σ̅ε̇dV =the rate of work done due to plastic straining 

▪ ∫ k|ΔV|dS =the rate of energy dissipated in internal velocity discontinuity 

▪ ∫ mk|ΔV|dS =The power consumed for friction. 

▪ |ΔV| =The rate of relative slip velocity along surface S. 

▪ ε̇ =the effective strain rate in an element of volume dV 

▪ K= the yield shear stress due to friction along S. 

▪ 𝑆𝑓=the surface over which friction is exerted 

▪ 𝑆Г=The surface area between the punch-work piece and velocity discontinuity 

▪ m=the friction factor (o for friendless and 1 for sticking friction 

▪ F=the upper-bound load at a forging velocity (velocity of the ram) of u. 

Generally, for continuous velocity field the second term can be ignored, ∫ k|ΔV|dS = 0 

Ė = ∫ σ̅ε̇dV +
𝑉

∫ mK|ΔV|dS =
𝑆𝑓

F ∗ u = σavg ∗ u ∗ A         

⇒ Ė = F ∗ u = Forming Load ∗ Velocity of punch 

Ė = F ∗ u = 2K (S ∗
u√2

√2
+ S ∗ u + S ∗

u

2
+ S ∗

u

2
) = 6KSu,  

using  σavg =
F

A
= P ⇒ F = P ∗ A   and   V = A ∗ u = Su 

PAu = 6KSu ⇒ PV = 6KV ⇒ P = 6K                                             [2.9] 

The rate of external work done in the process is equal to internal power required for 

homogeneous deformation plus rate of work done in shear or redundant deformation plus rate of 

work done for overcoming friction. 

 2.7.3 Slab-Line Method Analysis 

The slab method is a simple but effective analytical technique for calculating forging loads and 

stresses. The primary benefit of the slab method  is that it allows the division of a complex 
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forging into some basic deformation units or blocks that can be analyzed separately[33]. The slab 

method assumes that the metal deforms uniformly in the deformation zone. It is a simple 

analytical procedure based on principles of mechanics. A simple relationship between forging 

load and material flow stress in the forge is assumed: F = k A, where k is an empirically 

determined constant which considers friction, redundant deformation etc. The general 

methodology involved in slab method can be stated as follows:  

1. First the material under deformation is sliced into infinitesimally small portions. 

2. Then force balance is made on the small element.  

3. From force balance a differential equation in terms of the forming stress, geometric 

parameters of the billet and friction coefficient is formulated.  

This differential equation is solved with suitable boundary conditions. The solution gives the 

required forming stress. This method may involve some simplifying assumptions. Hence this 

method may be considered approximate. Moreover, it may not be easy to apply this method for 

more complex forming processes, such as impression die forging. Slab method is developed with 

the assumption that the material flow is homogeneous during forming. 

▪ the forging force (F) attains its maximum at the end ot operation. 

▪ The length of the element(dx) is much more than the other two dimenstions so that a 

condition plane strain exist. 

▪ The work piece material behaves like a ideal plastic material and and the operation is 

taking place in plastic range. 

▪ The coficient of friction(μ) between the workpiece and the die remain constant. 

▪ The forged material follows the von-mises falure criteria. 

The variation of the stress field along the y-direction is negligible and is not considered. 

Because, the thickness of the work-piece is assumed to be small as compared with its other 

dimensions, and during the forging process, the entire work-piece will be in the plastic state. 
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Figure 2.8: a forging of rectangular work piece and its forging pressure distribution[26] 

The stressess acting on the faces of the slab are, Px –the die pressure, τx-the frictional stress at the 

die-work-piece interface, σx and  σx +dσx are lateral stresses acting on the vertical faces of the 

slab.An element under the die of length (dx) is subjected to a longitudinal stress (σx) and a 

vertical stress(σy) due to a die pressure(p). Since the strip is symetric about the center line,only 

the slab in the right hand half of the strip is considered.The equilbrium of the forces acting in x-

direction is made up of two components. 

1. Due to the change in longitudinal stress with x increasing posetively to the left. 

2. Due to the die pressure at the two interfaces. 

Equilbrium forces in the “X” direction  (horizontal). 

∑ Fx = 0 ⇒ (σx + dσx) ∗ hb − (σx) ∗ hb − (2τx) ∗ dxb = 0 

(dσx) ∗ h = (2τx) ∗ dx ⇒
dσx

dx
=

2τx

h
                                                       [2.10] 

With coulomb friction, τx = 𝜇 ∗ P. Substituting this  in equation [26] 

                 
dσx

dx
=

2τx

h
⇒

dσx

dx
=

2𝜇P

h
                                                                          [2.11] 

Equilbrium forces in the “y” direction  (vertical) 

Taking σx and Px as the principal stresses, σ1 = σx , σ2 = σy = −Px 

∑ Fy = 0 ⇒ σy ∗ dx + P ∗ dx = 0 ⇒ σy = −P                                     [2.12] 

Relating the two principal stresses by means of the yield criteria for plane-strain conditions, the 

von-mises and tresca criteria are equevalent. In the case of stiking friction,the frictional stress on 

the die and the workpiece interface is equal to k(k=the yield strength of the metal in shear). 



Fatigue Life Investigation For AISI-H13 Used for The Application of Pickaxe Die Using Numerical and Analytical 

Method 

23 

 

σ1 − σ3 =
2

√3
σ0 = Y = 2k                                                                  [2.13] 

σy + P = Y ⇒ P = Y−σx                                                                    [2.14] 

σ1 = algebrically largest principal stress 

 σ3 = algebricaly smallest principal stress 

σ0́ = yield strength of work material in plane stress 

σx =  σ1and σ3 = σy = −P(−ve due to compression) 

σx − (−P) = Y ⇒ σx + P = Y 

differentiating and integrating the relation with respect to x, it gives 

d

dx
(σx + P = Y) =

dσx

dx
+

dP

dx
= 0 ⇒

dσx

dx
= −

dP

dx
⇒

dP

dx
= −

2K

h
, (

dσx

dx
=

2K

h
) 

⇒ dP = −
2K

h
∗ dx ⇒ ∫ dP = ∫ −

2K

h
∗ dx ⇒ P = −

2Kx

h
+ C ⇒ C = P +

2Kx

h
 

using boundary condition , constant C can evaluated  at x=a,σx = 0, P = Y 

C = Y +
2Ka

h
, P = −

2Kx

h
+ C ⇒ P = −

2Kx

h
+ Y +

2Ka

h
= Y [1 +

(a − x) 

h
] , Y = 2K 

At x=0,i.e, at the center of the work piece,the pressure(P) will be maximum. 

P = Pmax = Y [1 +
a 

h
]                                                                    [2.15] 

At x=a,i.e,at the edge of the work piece,the pressure(P) will be minimum. 

P = Pmin = Y = 2K                                                                        [2.16] 

Average forging pressure acting over the interface between the die and the workpiece can be 

found by integrating p over half of the block to find the force and dividing that by the area of the 

half-block. This is valid from the edge (x=0) to the centerline (x=a). the area of the half block =

half of the block width ∗ the block unit depth = a ∗ 1 = a  
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𝐏𝐚𝐯𝐠 =
Fy  

a
=

1 

a
∫ Pdx

x=a

x=0

=
1 

a
∫ [−

2Kx

h
+ Y +

2Ka

h
] dx

x=a

x=0

= Y [1 +
a 

2h
]  

𝐅𝐟𝐨𝐫𝐠𝐢𝐧𝐠 = (𝐚𝐯𝐞𝐫𝐚𝐠𝐞 𝐟𝐨𝐫𝐠𝐢𝐧𝐠 𝐩𝐫𝐞𝐬𝐬𝐮𝐫𝐞) ∗ 𝐚𝐫𝐞𝐚 = (𝐏𝐚𝐯𝐠 ) ∗ (𝟐𝐚 ∗ 𝐋) 

𝐅𝐟𝐨𝐫𝐠𝐢𝐧𝐠 = Y [1 +
a 

2h
] ∗ (𝟐𝐚 ∗ 𝐋)                                                                       [2.17] 

2.7.3.1 Expression for Forging Load in the Sliding Friction 

When the friction is assummed to obey coulombs law,then τ = μP,instead of τ = k where μ is 

coefficient of friction between the workpiece and the die and P is the forging 

pressure.Differentating the equation σx + P = Y which is drived from the equilbrium equation in 

the y-direction with respect to x, the equation is expressed as follows. 

dσx

dx
+

dP

dx
= 0 ⇒

dσx

dx
= −

dP

dx
=

2μP

h
, (

dσx

dx
=

2μP

h
) 

dP

P
= −

2μ

h
∗ dx ⇒ ∫

dP

P
= −

2μ

h
∫ dx ⇒ lnP = −

2μx

h
+ C 

By using the boundary equation the constant,C can be evaluated at x= a, σx = 0, P = σ0́ 

C = lnY +
2μa

h
, lnP = −

2μx

h
+ lnY +

2μa

h
⇒ lnP − lnY =

2μ

h
(a − x) = ln

P

Y
=

2μ

h
(a − x) 

ln
P

Y
=

2μ

h
(a − x) ⇒

P

Y
= e

2μ
h

(a−x)
⇒ P = Y ∗ e

2μ
h

(a−x)
 

𝐏𝐚𝐯𝐠 = 𝐏𝐚𝐯𝐠 =
Fy  

a
=

Y 

a
∫ [e

2μ
h

(a−x)
] dx

x=a

x=0

= −
Yh

2μa
[1−e

2μa
h ] 

Assuming 
2μ

h
 to be small and Expanding as the taylor serie, ey = 1 + y +

y2

2!
+----, 

𝐏𝐚𝐯𝐠 =
Yh

2μa
{1 − [1+

2μa

h
+ (

2μa

h
)

2

∗
1

2
+ − − −]} ≈ Y [1 +

μa

h
] 

𝐅𝐟𝐨𝐫𝐠𝐢𝐧𝐠 = (𝐚𝐯𝐞𝐫𝐚𝐠𝐞 𝐟𝐨𝐫𝐠𝐢𝐧𝐠 𝐩𝐫𝐞𝐬𝐬𝐮𝐫𝐞) ∗ 𝐚𝐫𝐞𝐚 = (𝐏𝐚𝐯𝐠 ) ∗ (𝟐𝐚 ∗ 𝐋) 

𝐅𝐟𝐨𝐫𝐠𝐢𝐧𝐠 = Y [1 +
μa

h
] ∗ (𝟐𝐚 ∗ 𝐋)                                                    [2.18] 
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If the forging operation has both sticking and sliding force,the operation cannot  approximated 

by one or the other,Then it need to include both in its pressure and average pressure calculations. 

Fforging = Fsliding + Fsticking = (Pave ∗ A)sliding + (Pave ∗ A)sticking  

Ftotal = Y [1 +
μa

h
] ∗ (𝟐𝐚 ∗ 𝐋) + Y [1 +

a 

2h
] ∗ (𝟐𝐚 ∗ 𝐋)……………[2.19] 

2.8 Finite element analysis for Forging process 

Theoretical background of finite element analysis: For accurate finite element prediction of  

material flow during bulk metal forming, the formulation must take into account the large plastic 

deformation, incompressibility,workpiece-die contact, and temperature coupling. The basic 

equations to be satisfied are the equilibrium equation, the incompressibility condition and the 

stress-strain relationships[34].The equation of variation in the form: 

𝛿𝜙(𝑣) = ∫ σ̅ δ𝜀̅̇ dV +
𝑉

∫ ε̇𝛿ε̇𝑣dV +
𝑉

∫ FiδvidS = 0
𝑆

                               [2.20] 

In the mixed formulation, both velocity and pressure are solution variables. They are solved by 

the variation equation 

𝛿𝜙(𝑣, 𝑝) = ∫ σ̅ δ𝜀̅̇ dV +
𝑉

∫ P𝛿ε̇𝑣dV + ∫ ε̇𝑣𝛿P −
𝑉𝑉

∫ FiδvidS = 0
𝑆

         [2.21] 

where ε̇𝑣 is the volumetric strain rate, σ̅  is the effective stress, ε̇ is effective strain, 𝜀 ̅̇ is the 

effective strain rate, p is the pressure, V is the volume, and S is the surface of the deforming 

workpiece respectively. 

Eq. [2.20] and [2.21] can be converted into a set of algebraic equations by utilizing the standard 

FEM discretization procedures. Due to the non-linearity involved in the material properties and 

frictional contact conditions, the solution is obtained iteratively.The temperature distribution of 

the workpiece and/or dies can be obtained readily by solving the energy balance equation 

rewritten, by using the weighted residual method, as 

∫ kT,jδT,jdV +
𝑉

∫ ρcṪ𝛿𝑇dV ∫ ασ̅δε̇𝑣𝛿TdV = ∫ qn𝛿TdS
𝑆𝑉𝑉

                              [2.22] 

where k is the thermal conductivity, T is the temperature, ρ is the density, c is the specific heat, α 

is the fraction of deformation energy that converts into heat, and qn is the heat flux normal to the 
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boundary, including heat loss to the environment and friction heat between two contacting 

objects.  

2.9 Simulation Software Selection for Forging Dies 

The choice of finite element simulation software packages is very important for both the type of 

analysis that can be performed and the quality of the results. This is because different packages 

have different capabilities and it is critical to select the package with the appropriate feature 

set[35]. 

Table 2.3: finite element simulation software comparisons. 

 DEFORM AdvantEdge Abacus 

Ease of set up Built in”wizards”for 

machining simulations. 

tool geometrie need tobe 

imported 

Very fast setups. 

tool geometry 

libraries are provided 

Manual design of 

workpies/tools.mesh 

refinment and boundary 

conditions have to be set 

manually. 

Material 

models 

Extensive material 

modellibraries. 

comprhensive material 

property editor 

Extensive material 

model libraries. 

supportfor aerospace 

alloys. 

None.no.material models 

present. 

but materials can be 

defined with a lot of 

details. 

Adaptive 

meshing 

capabilities 

Uses adaptive 

meshing.some control 

over the parameters. 

Uses adaptive 

meshing, but controls 

cannot be modified 

Partial support.not much 

fine control in adaptive 

meshing. 

Overall control Some level of control is 

permited.but basic FEM 

solvers cannot be 

manipulated. 

Very minimal 

changes allowed. 

Very high control.basic 

solverfunctioning can be 

modified. 

2.10 Summary  

In this study, a few selected research articles are reviewed and many researchers have tried to 

demonstrate the important part of finite element technology for the various deformation 

problems. Nowadays, different commercial forging simulation packages are available. Among 

the most widely used are DEFORM, MARC Auto Forge, MSC Super Forge, Forge 2 and 3, 

QForm, etc. They allow the simulation of cogging, rolling, forging and ring rolling in various 

way, extrusion, piercing and many of them are associated with heating and cooling processes. 
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The most important input parameters for modeling the forging process are the geometric (work-

piece geometry and die geometry), the material properties, interface conditions (friction and heat 

transfer at the die-workpiece interface) and process parameters (the environment, the 

temperatures of work-piece and the die, the heat transfer coefficients between dies and the work-

piece and the atmosphere, and the die velocity). 

Due to the high temperatures and forming forces that arise in forging processes, dies are exposed 

to high thermal and mechanical loads. These loads have a major impact on the fatigue life of the 

dies and can therefore lead to formation of fatigue cracks on the surface. Due to the complex 

thermomechanical phenomena that occur in the interface layer between work-piece and forging 

die, it has not been possible to provide a reliable estimate of die life. To make a reliable estimate 

of die life, researchers have underlined the need for using advanced and sophisticated material 

models (numerical modeling software). 

Based on the estimation of forging force, Analytical methods and numerical methods (simulation 

software) have been used in the literature to analyze the forging force and die performance. In 

analytical methods, metal forming problems are generally analyzed using three different methods 

such as the upper bound, slip line field, and slab method. The upper bound method was found to 

agree well with the finite element and experimental results. 

2.11 Research gap 

This study is conducted in Kotebe Metal Tools Factory for the purpose of fatigue life 

investigation and forging load optimization of the lower pickaxe die.The study is the first work 

performed on  “Fatigue Life Investigation for AISI-H13 used for the Application of Pickaxe 

Die using Numerical and Analytical Method” in the factory. No identical or similar work have 

been done before and untill the compeletion  of this study. From the 64 publications used  for hot 

forging process analysis in this study,non of them were adressed for pickaxe forging analysis 

except discussed the common methodology of forging process analysis for different process 

forged parts.  
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CHAPTER 3: MATERIAL AND METHODS 

In this chapter, the material of the work-piece and the die have been selected.The geometrical 

model of the die and work-piece have been modelled using geometrical modelling software 

(SOLID WORK) and simulated using numerical simulation (DEFORM-3D) software.The 

forging load of the work-piece is calculated using analytical methods(slab and slip line methods) 

for validation (comparision purpose).With the help of the taguchi’s experimental method,the 

results of the simulation experiment are optimized and the optimum forging process parameters 

are obtained. Finally, the fatigue life of  the die is investigated using the ANSYS work bench. 

3.1 Workpiece and Die Material 

3.1.1 Material Used for Pickaxe Piercing die 

The material of the die used in this study is made of chromium hot-work tool steel 8407 supreme 

(AISI-H13). It is the most reputable, hot work tool steel, especially for forging, giving a good 

toughness and high temperature strength, high hardenability and moderate wear resistance. 

“Toughness” is the ability of a material to absorb energy without fracture.H13 can resist thermal 

softening up to 550°C. “Hardness” is the resistance to wear, abrasion or indentation. The 

chemical composition of the materials specifically used for pickaxe die is listed in table 3.1.  

Table 3.1: Chemical compositions of AISI H13 tool steel for Pickaxe die [36] 

Components Mass (%) 

Carbon(C) 0.32-0.45 

Chromium (Cr) 4.75-5.50 

Manganese (Mn) 0.20-0.50 

Molybdenum (Mo) 1.10-1.75 

Vanadium(V) 0.80-1.20 

Silicon (Si) 0.80-1.20 

Copper (CU) 0.25 

Phosphorus-sulfur(P-S) 0.03 

 

Table 3.2: Mechanical and thermal properties of Pickaxe die [36] 

selected Material AISI H13 

Young’s modulus@ 20oC 215GPa 

Poisson’s ratio 0.27-0.30 

Tensile ultimate strength @ 20oC 1200-1590 Mpa 
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Tensile yield strength@ 20oC 1000-1380 MPa 

Bulk modulus@ 20oC 160Mpa 

Elongation before fracture@ 20oC 9% 

Reduction of area@ 20oC 50% 

density@ 20oC 7800kg/m3 

Melting point@ 20oC 1427oC 

Thermal expansion  10.4*10-6 oC 

Thermal conductivity 28.6 oC 

hardness 

Knop HK=570 

Hardness Rockwell HRC=45-48(46) 

Brinell hardness 3000 BH=422-455 

Vickers Hv=549 

3.1.2 Material Used for Billet 

The material of the work piece used in this study is medium carbon steel (AISI 1045), and its 

chemical composition and physical and thermal properties are shown in Tables 3.3 and 3.4 

respectively. 

Table 3.3: Chemical compositions of AISI 1045 steel for billet (work piece) [36] 

components Mass (%) 

Carbon(C) 0.35-0.49 

Manganese (Mn) 0.5-0.8 

phosphorus(p) 0.05 

Silicon (Si) 0.15-0.35 

Sulfur(S) 0.05 

Table 3.4: Mechanical and thermal properties of AISI 1045 steel for work piece [36] 

Material selected AISI 1045 

Young’s modulus@ 20oC 200 GPa 

Poison’s ratio 0.27 

ultimate Tensile strength @ 20oC 560 Mpa  

yield Tensile strength@ 20oC 275 Mpa 

shear modulus@ 20oC 75-80 Mpa 

Elongation before fracture@ 20oC 22% 

Reduction of area@ 20oC 50% 

Table to be continued 
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density@ 200C 7870kg/m3 

Melting point@ 20oC 1520oC 

Coefficient of Thermal expansion  15 (µm/m oC) 

Thermal conductivity 28.6 oC 

Hardening temperature (Th) 760 oC 

Tempering temperature (Tt) 400 oC 

 

3.2 Geometry of the Die and Billet 

3.2.1 Dimension of the Work-piece 

The work-piece taken is rectangular as used in the factory and its dimensions are 30 mm thick, 

60mm wide, and 157 mm long. The volume of the work-piece is 282,600 mm3.The work-piece is 

inserted between the upper and lower dies to a cross section of approximately 157mm x 30 mm. 

Because the process involves open die forging, these geometrical dimensions can not be fully 

controlled.The dimensions of the work-piece may change for the consequent forging process.   

 

 

Figure 3.1: Dimension of work-piece 
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3.2.2 Dimension of the Upper (punch) and Lower Die 

The dimensions of both the upper and lower dies were measured and recorded with an 

instrument during a site visit.Their dimensions are depicted in figure 3.2 and figure 3.3.As  

can be seen in the figure,the dies have a complex shape that would support  the pickaxe after 

the forging process. 

 

 

Figure 3.2: Dimension of the upper die punch 
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Figure 3.3: Dimension of lower die 
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3.3  Geometric Model for Workpiece and Dies 

From a modeling point of view, all relevant tool components must be modeled from a geometric 

perspective. To carry out the FEM analysis of the forging process, it is essential to first  develop 

the 3D-models of the workpiece and dies using apropriate modeling sofware that is compatible 

with  metal forming simulation software such as DEFORM. Modeling software such as CATIA, 

proe.wildfire,solidwork are compatible with the DEFORM-3D sofwares[37].Figure 3.4 and 3.5 

show the upper and lower forging die models for the pickaxe. The models were developed with  

solidwork 2020. 

 

Figure 3.4: Geometrical Model of work-piece 

 

 

Figure 3.5: Geometrical Model of upper forging dies (punch) 
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Figure 3.6: 3D-physical Model of lower forging die 

 

Figure 3.7: Geometrical model of the assembled die set 
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3.4 Conditions 

3.4.1 Forging Method 

In open die forging process, the work-piece, reheated to forging temperature, is placed on the 

lower die and pressed with the upper die to shape the final part. The upper die is attached to the 

ram and the lower die is attached to the press bed. Hot work(hot forging) is a hot forging process 

in which compressive forces in two dies are applied to a metal (work-piece) above the yield 

strength, resulting in plastic deformation of the work-piece. Hot forging is done at temperatures 

above the recrystallization temperatures, typically 0.6Tm or above, where Tm is the melting 

temperature of the work-piece. For this specific work, Triple crank press PK-300/100 with a  

nominal (rated) capacity of 300 tons and a stroke length of 200 mm was used for the hot forging 

process to manufacture pickaxe at Kotebe Metal Tools Factory. This general use mechanical 

press was designed for blanking, punching,drawing,bending and triming operation.The power 

source of the triple cranck press PK-300/100 is a large flywheel deriven by an electric motor. 

The forging load behavior of crank press machines: There are two types of forging processes: 

impact forging (forging hammer) and press forging (crank press). In impact forging, the load is 

applied by impact, and deformation takes place over in a very short time. Impact loads are 

dynamic loads that are applied suddenly. The forging mallet can travel at speeds of up to 10 m/s, 

while the forging hammer acts through impact. In press forging, however, pressure is gradual 

buildup to cause the metal to yield. The time (duration) of application is relatively long. The 

longer forging process allows the material to cool down because the crank press's forging 

velocity is significantly lower, allowing the material to come into contact with the tool and the 

surrounding air. Crank presses therefore have no an impact effect and has static load effect at the 

end of the forging stage. when forging on a crank press, the strain field is more homogeneous 

than in hammer forging due to the quieter operation of the press and the lower forging velocities. 

The Spesfications for triple cranck press are listed in Table 3.5. 

  



Fatigue Life Investigation For AISI-H13 Used for The Application of Pickaxe Die Using Numerical and Analytical 

Method 

36 

 

Table 3.5: Specification for triple crank press PK-300/100 [Figure 3.8.] 

 

 

 

 

 

3.4.2 Load and energy requirements in triple cranck press PK-300/100 

The press with the parameters specified in table.3.5, is used to perform forging operation in 

which a rated pressure 300tons is applied over a distance of h=200mm(0.2m), the energy 

consumed  during forging is calculated as follow: 

potential Energy = Work done = Force ∗ distance ⇒ W = F ∗ S       [3.1] 

Force = F = m ∗ a ⇒ F = m ∗ g                                                                      [3.2] 

F = m ∗ g = 300000 ∗ 9.81 = 2943000N = 2943 kN 

Work = W = F ∗ s ⇒ W = (m ∗ g) ∗ h = (2943) ∗ 0.2 = 588.6 kJ 

Rated pressure 300t 

Pressure of cutter(trimer) 100t 

Revolution of crank shaft 30 rpm 

Stroke of cutter ram/constant/ 136mm 

Stroke of main ram/constant/ 200mm 

Max. distance between table and bottom surface of ram in its 

upper position 

730mm 

Distance between columns under the slide-ways 1000mm 
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Figure 3.8: Triple crank press PK-300/100 machine. 

3.5 Methods 

The analytical method and numerical method were applied to analyze and identify the 

optimum(best) process parameter conditions for the deformation of AISI-1045 rectangular work-

piece material througth the forging process. The analytical analysis was carried out using the slab 

and slip-line method to validate the result of the numerical method. The slab method was used to 

analyze the compressive load on the rectangular work-piece, which reduces the thicknees of the 

Fly  

wheel 

Connecting 

rod 

ram 

Upper 

Die 

Lower 

Die 

Table 

Pinion 

gear 



Fatigue Life Investigation For AISI-H13 Used for The Application of Pickaxe Die Using Numerical and Analytical 

Method 

38 

 

work-piece.The slip-line method was used to analyze the piercing load in the  rectangular work-

piece to make a hole through the thickness.First, to investigate the fatigue life of pickaxe 

piercing die,it is mandatory to estimate the forging load and working temperature for the work-

piece material. In this study, 3D-physical modeling software SOLID-WORK20.0 was used to 

model dies and work-piece geometry, and the finite element method-based numerical simulation 

software DEFORM-3D was used to simulate and estimate the forging load. The basic input data 

used for numerical simulation in DEFORM-3D software were die and workpiece materials, 

coefficient of friction between die and workpiece, thermal conditions (heat transfer coefficient), 

initial temperature of die and workpiece, ambient temperature, Stroke length, and ram velocity of 

the press machine.  

ANSYS Workbench software, one of the ANSYS-Mechanical packages (used for structural and 

thermal analyses), was used to analyze the fatigue life of the pickaxe piercing die. Material 

properties include Young's modulus; Tensile yield stress, ultimate tensile stress, Poisson's ratio 

and density of AISI-H13 die steel were used as input material data for ANSYS Workbench 

simulation software. 

The systematic organization of this study is represented in flow chart in figure 3.9   
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Figure 3.9: The systematic organization of the study 
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3.5.1 Design for Taguchi’s Experiment  

In this study, the Taguchi method has been applied to design the simulation experiment. The 

main objective of implementing this method in this study was to minimize the number of 

simulations run in order to reduce the computing time of the simulation software. And to analyze 

the best possible combination of simulation control factors (forging parameters. i.e., work-piece 

temperature, die temperature, and coefficient of friction) to obtain an accurate interrelationship 

among parameters and their influence on the pickaxe forging process. Based on the Taguchi 

method, the orthogonal experimental design of pickaxe forging is designed by taking pickaxe 

forging process parameters (work-piece temperature, die temperature, and coefficient of friction) 

as experimental factors and optimizing the pickaxe forging load as experimental objective. 

During the forging process, the following Parameters (main control factors) are considered for 

this study: die temperature, work-piece temperature, and coefficient of friction.  

2.5.2 Optimization process 

The goal of the optimization process is to find the best solution for the given problem (forging 

process). Optimizing the forging process is very essential to making the process efficient. In 

general, the parameter optimization process of the Taguchi method is based on 8-steps of 

planning, conducting and evaluating the results of matrix experiments to determine the best 

control parameters levels[15, 38]. These eight steps are described as follows. 

1. Identify the performance characteristics (responses) to be optimized and the process 

parameters to be controlled (test).  

2. Determine the number of levels for each of the tested parameters.  

3. Select an appropriate orthogonal array, and assign each tested parameters into the array.  

4. Conduct a random experiment based on the arrangement of the orthogonal array.  

5. Calculate the S/N ratio for each combination of the tested parameters.  

6. Analysis the experimental result using the S/N ratio and ANOVA test.  

7. Find the optimal level for each of the process parameters.  

8. Conduct the validation experiment to verify the optimal process parameters. 

The steps of Taguchi method are shown in flow chart form in figure 3.10. 
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Figure 3.10: Flow diagram of Taguchi method 

3.5.3 Design for experimental factors and levels 

In the forging process, the contact between the die and the work-piece causes a drop in the work-

piece temperature, leads to an increase in the metal flow stress of the work-piece, and difficult to 

the forging process. At the same time, the temperature difference at contact surface between the 
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die and the work-piece will cause thermal stress on the pickaxe piercing die, affecting the life of 

the die and the quality of forging. Therefore, there is a need to analyze the preheating 

temperature of the pickaxe piercing die. The friction between the die and work-piece reduces the 

metal flow, and the coefficient of friction directly affects the homogeneity of the deformation. 

Therefore, in this study, work-piece temperature, die temperature, and friction coefficients were 

selected as three experimental factors (experimental design parameters). Each of the 

experimental factors has three level values (work-piece temperature: 900, 1000, 1050, die 

temperature: 150,200,250, and coefficient of friction: 0.3, 0.5, 0.7). Thus, a three-level 

orthogonal array (OA) was used in table3.6 resulting in 27 sets of simulations.  

Table 3.6: Simulation control factors and their different levels 

Levels Factors/parameters Levels value 

A Work-piece temperature(0C) 900 1000 1050 

B Lower- die temperature(0C) 150 200 250 

C  Friction coefficient(μ) 0.3 0.5 0.7 

Based on the Taguchi method, the best possible combination of simulation control factors was 

analyzed using MINITAB software for the desired response (forging load) and examined using 

three-level full factorial design of experiments.  

Table 3.7: Taguchi’s experimental design with full factorial (L27) orthogonal design array. 

simulation 

run 

Simulation control factors 

Uncoded values Coded values 

A B C A B C 

R1 1 1 1 900 150 0.3 

R2 1 1 2 900 150 0.5 

R3 1 1 3 900 150 0.7 

R4 1 2 1 900 200 0.3 

R5 1 2 2 900 200 0.5 

Table to be continued 
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R6 1 2 3 900 200 0.7 

R7 1 3 1 900 250 0.3 

R8 1 3 2 900 250 0.5 

R9 1 3 3 900 250 0.7 

R10 2 1 1 1000 150 0.3 

R11 2 1 2 1000 150 0.5 

R12 2 1 3 1000 150 0.7 

R13 2 2 1 1000 200 0.3 

R14 2 2 2 1000 200 0.5 

R15 2 2 3 1000 200 0.7 

R16 2 3 1 1000 250 0.3 

R17 2 3 2 1000 250 0.5 

R18 2 3 3 1000 250 0.7 

R19 3 1 1 1050 150 0.3 

R20 3 1 2 1050 150 0.5 

R21 3 1 3 1050 150 0.7 

R22 3 2 1 1050 200 0.3 

R23 3 2 2 1050 200 0.5 

R24 3 2 3 1050 200 0.7 

R25 3 3 1 1050 250 0.3 

R26 3 3 2 1050 250 0.5 

R27 3 3 3 1050 250 0.7 
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3.5.4. Signal to Noise (S/N) ratio calculation 

Depending on the end objective (desired outcome), there are three methods available for 

calculating the S/N ratio: the lower-the-better, the higher-the-better and the nominal-the-better. 

1.  Smaller-the-better: when the interest is to find the best parameters to get the minimum 

amount of the desired product. 

S/N = −10log10

∑ Yi
2

n
 

2. Larger-the-better: when interest is to find the best parameters to get the largest amount 

of the desired product. 

S/N = −10log10

1

n
∑

1

Yi
2 

3. Nominal-the-better: when interest is to find the best parameters to get the exact amount 

of the desired product.  

S/N = −10log10 (
Y̅

S2
) 

Where 𝑌𝑖=the mean response calculated as y = 1/n Ʃ𝑌𝑖 and n=the number of experiments 

carried out under similar conditions. Since this was an interest in getting the low forging load, 

smaller-the-better technique has been selected in this study. 

3.6 Modeling and simulation of the material flow in forging process  

Due to non-steady state and non-uniform (uneven) material flow, significant interface friction 

and heat transfer between the deformed work-piece and the die, it is very difficult to analyze the 

forging load using mathimatical model. Due to these limitations (constraints) , a numerical 

method is used to estimate the forging load of the pickaxe work-piece.The most important input 

parameters for modelling the forging process are the geometric, the materials and process 

parameters. 

3.6.1. Geometric parameters 

Depending on the complexity of the imported 3D-physical models, it is possible to simulate the 

forging process as a three-dimensional, axisymmetric (plane-strain), and two-dimensional 

problem. A three-dimensional simulation problem was taken into consideration in this study. The 

developed geometric model of this study is depicted in Figure 3.4-3.7. 
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3.6.3 Material description 

In order to accurately predict material flow and forging loads,it was mandatory to use material 

input data. The material of the rectangular workpiece is AISI 1045 medium carbon steel,while  

AISI H13 die steel is used as the material for the top die (primary die) and bottom die (secondary 

die).The imported 3D-physical model of the dies and the work-piece was considered as rigid  and 

plastic models  respectively.The mechanical properties and their detailed material data are shown 

in table 2.1and 2.2. 

3.6.4 Interaction and Boundary condition 

Contact boundary conditions define the y-interobject boundary contact conditions for a given 

loading condition object.Contact boundary conditions were applied to nodes of a slave object 

(work- piece), and specified the contact between these nodes and the surface of a master object 

(top die). In the mechanics boundary condition(friction), the coefficient of friction between the 

workpiece and the die was 0.3 (lubricated condition) ,0.5 and 0.7(dry condition). In thermal 

boundary condition(heat transfer), the conduction and convection coefficients were 

5N/sec/mm/ºC and 0.02N/sec/mm/ºC respectively.  

For the temperature boundary condition, the initial temperature of the work-piece is 900-1050oC. 

The initial temperature of the die is 150-250oC. The ambient temperature of the workpiece and 

the dies was 20oC. In movement boundary condition, the bottom die and work-piece have no 

movement(stationary).They come into contact while the uper die just approches the work-piece 

and the movement of the upper die is performed by means of the mechanical crank press. The 

linear movement of the punch takes place in the y-axis  with a forging speed and a stroke length 

of 54.5mm/s and 74mm respectively. 

3.7 Numerical simulation of forging process 

DEFORM-3D simulation software has been used in order to understand metal flow in the 

deformation process. In the DEFORM 3D software package, the Simulations are performed in 

the “Hot Forging” option. The meshing of the billet is done by the software into 20,000 

elements. The maximum size of one element was 2.25mm. The total number of elements for the 

whole assembly was just over 84,000 pieces. Figure 3.11 shows the simulation of the forging 

process on a rectangular billet.  
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Figure 3.11: DEFORM-3D meshed simulation model 

3.7.1 Simulation of the forging of end pickaxe 

Different simulations are carried out at different temperatures (900°C, 1000°C, and 1050°C.) The 

objective of these simulations is to determine the optimum temperature and forging load for the 

forging process of this component. The number of forging operation step was set at 250 with the 

write interval of each 20 step and the step increment was 0.015 sec/. The simulation calculation 

stops when the distance between the upper and lower dies riches 10 mm.   

 

 

Figure 3.12: work-piece, lower die, and upper die setup before forging process. 
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Figure 3.13: sectional view of work piece lower die, and upper die setup before forging process 

  

 

Figure 3.14: Sectional view of work piece lower die, and upper die setup after forging process 
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Figure 3.15: forged work piece of pickaxe after trimming operation. 

3.8 Numerical simulation for fatigue life investigation 

3.8.1 Introduction to fatigue  

In this study used Fatigue Analysis: Stress Life have methodsbeen. The fatigue life investigations 

of the pickaxe die without defects (crack) is performed by using strength of material theory, 

which depends on the relationship between the applied stress (due to the applied forging load) 

and the material strength (ultimate tensile stress). To investigate the fatigue life the lower die of 

pickaxe, numerical simulations were carried out in the ANSYS workbench based on finite 

element analysis. In study, the fundamental steady state structural solver is used. 

3.8.2 Finite element analysis parameters and methods  

In order to perform a finite element analysis, it is not enough to simply run the simulation in an  

available finite element software, bu it is more important to understand the method behind the 

analysis. There are certain parameters that control the accuracy of the finite element analysis 

(FEA), such as model simplification,mesh size, element type and accuracy percentage. By 
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understanding the impact of the above parameters, it is possible to run the simulation 

efficiently[39]. 

3.8.2a 3D-physical  Modeling of pickaxe piercing die. 

Because of the complexity of the shape of the pickaxe piercing die, the 3D model of the pickaxe 

piercing die was modeled by Solidwork and then imported into ANSYS R19 Workbench for  

further analysis.  

3.8.2b Material Properties 

The material selected for the analysis of the pickaxe piercing die is AISI-H13 steel,which is used 

for  the hot working die.The required properties for fatigue life analysis are given in Table.3.8 

Table 3.8: mechanical properties of AISI-H13 die steel 

Tensile yield 

strength,σy(Mpa) 

ultimate Tensile 

strength, σut(Mpa) 

Young’s 

modulus,E(GPa) 

Poisson’s 

ratio(ν) 

Density, 

ρ(kg/m3) 

1380 1590 215 0.30 7800 

3.8.2c Mesh generation 

Element size:In order to achieve accurate results in simulation, it is essential that the finite 

element model is well prepared and has the appropriate element size and nodes. The size of the 

mesh element  is inversely proportional to the simulation time and accuracy of the results. In 

order to obtain reliable results in a shorter simulation time, an optimal mesh element size should 

be achieved.  A mesh that is too caorse (rough)  will lead to incorect results. On the otherhand, a 

mesh that is too fine could lead to longer CPU computig time without a corresponding increase 

in accuracy.An experimental  simulation was performed by employing an element size of 2mm 

for the input parameter and obtaining the corresponding output parameters( total deformation), 

which are further used to establish the functional relationship between the input and output. 
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Figure 3.16: mesh convergence analysis 

Element type:Elements have ideal shapes when there is little or no error in the numerical 

computation of the individual stiffness matrices.However, it is almost impossible to model 

complex systems with a mesh of ideally shaped elements. Therefore, it is advisable to match 

(adjust) the mesh density to accomodate stress gradients and deformation patterns which imply 

that elements vary in size,have unequal side lengths and are warped or tapered.Hexahedrons are 

better suited for structural analysis than tetrahedral mesh elements to increase the accuracy of the 

result.But it is tedious and time-consuming to build a finite element model of the pickaxe 

piercing die with hexahedrons. Due to the complexity of the shape of the pickaxe piercing 

die,tetrahedral mesh elements were used  for this study. 
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Figure 3.17: meshed pickaxe piercing die mode 

3.8.3 Boundary Conditions  

After meshing the lower pickaxe piercing die, the boundary Conditions in the model must be 

applied.The static load analysis was performed considering two boundary conditions. The 

bottom and side surfaces of pickaxe piercing die are fixed (constrained) to prevent the model 

from moving when the forging load is applied to the top of  the lower pickaxe piercing die. The 

bottom of the lower die is fixed to the press bed. After fixing the model, the calculated forging 

load of 2.92MN is applied to the top surface of the pickaxe piercing die as inputs for the analysis. 

 

Figure 3.18: boundary and loading condition of pickaxe piercing die 
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In this study, the common decisions used to analysis  fatigue life of the die are 

1. fatigue analysis type-Stress Life 

2. cyclic loading type-Constant amplitude, proportional loading 

The die stresses at each cycle vary from zero to a maximum and back to zero so the load 

of opposite sign does not occur. Also the peak loads can be considered as constant. 

3. Mean Stress Effects- multiple S-N curves (experimental data) 

4. Multiaxial Stress Correction-Component Y 

5. Fatigue Modification Factor-Log-log 

3.8.4 Determination of S-N curve for AISI-H13 hot forging die steel 

The Wohler approach, also known as the stress-life approach, displays data using log-log plots of 

stress against cycles to failure. The material's Wohler curve serves as the foundational 

information for the analysis of fatigue calculations. The S-N method does not work well in low 

cycle applications where the applied strains have a significant plastic component. This method 

neglects the actual stress-strain behavior and treats all strains elastically and does not separate the 

crack initiation phase from the propagation phase. Therefore, the simplified assumptions of the 

S-N approach are valid only when the plastic strains are small (in some cases they are actually 

too small to measure). This is particularly important in forging dies where mechanical failure can 

be the result of plastic deformation.  In order to perform life simulation for the pickaxe piercing 

die, data from fatigue tests in the form of a Wohler curve of the die material must be loaded into 

the software. On the ANSYS workbench by default displays the S-N curve of structural steel, but 

the material used in this study is AISI-H13 Steel. The S-N curve of this material is shown in 

Figure 3.21.  

Determination of S-N curve: the S-N curve (also known as Wohler curve) represent statistical 

models that characterizes the material performance. For the purpose of obtaining the most 

probable S-N curve, the following equation is applied in this study. 

σ − σe = ANm  ⇒ S(N) = ANm   (𝑚 < 0)                                                                            [3.1] 
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where N is a number of cycles to fracture under a repeated stress, S is fatigue strength 

(alternating stress), σe is the endurance limit, and A and m are arbitrary constants[40]. Taking the 

common logarithm of both sides of Eq. [3.1], then it gives 

 log10(𝑆) = log10𝐴 + 𝑚 log10(𝑁)                                                                                         [3.2] 

By transforming variables by the following substitution, the following relation is obtained: 

{

log10𝐴 = 𝑏

log10(𝑆) = 𝑦
log10 𝑁 = 𝑥

} ⇒ 𝑦 = 𝑚𝑥 + 𝑏 ⇒ log10(𝑆) = 𝑚 log10(𝑁) + 𝑏 

Here the correlation between x and y becomes linear. Thus, the S-N curve values of this material 

can be solved using the generalized S-N formula.                

log10(𝑆) = 𝑚 log10(𝑁) + 𝑏                                                                                                [3.3] 

The two constants m and b are unkown,and can be determined from the following relationship. 

The approach assumes that two points on the plot are required for the determination of fatigue 

characteristics: the fatigue limit (Se) for the basic 106 cycles (Nknee) for steel and the fatigue for 

103 cycles (Nup). The fatigue life given as the number of cycles for any alternating stress Sa can 

be calculated from the above Wohler Equation by applying two boundary conditions[41]: 

 S(N) = Sm   𝑎𝑡 𝑁 = 103 cycles , and  S(N) = Se   𝑎𝑡 𝑁 = 106 cycles. By substituting those 

values in eq.[3.3],the following two equations can be obtained. 

log10(Se) = 𝑚 log10(106) + 𝑏                                                                                           [3.4] 

log10(Sm) = 𝑚 log10(103) + 𝑏                                                                                          [3.5] 

solving for m and b from equations [3.4] and [3.5],then the values of m and b expressed as: 

m =
1

3
log10 (

Se

Sm
) ,    𝑎𝑛𝑑   𝑏 = log10 (

Sm
2

Se
)                                                                              [3.6] 

By substituting the values of m and b in eq [3.2],the general S-N equation expressed as: 
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log10(𝑆) =
1

3
log10 (

Se

Sm
) ∗ log10(𝑁) + log10 (

Sm
2

Se
)                                                                   [3.7] 

The corresponding fatigue strength (alternating stress) can be found by substituting any value of 

number of cycles(N) in equation [3.7].first, Sm and Se are calculated depending the mechanical 

properties and loading condions of AISI-H13 die material. 

Mean and endurance stress calculation: The endurance limit is the amplitude of the cyclic 

stress that can be applied to the material without causing fatigue failure. To establish the 

relationship of die fatigue life with die stress and the material properties of the die, Goodman 

equation is not used, because forging dies are loaded and then completely unloaded, they ideally 

have ratios of R=0 and A=1, this means that using Gerber or Goodman’s equations to deduce the 

cycles till failure is useless. Therefore, the graphical approach was used and endurance limit was 

estimated as S𝑒́=0.5*S𝑢, for S𝑢<1400Mpa and S𝑒́=700Mpa, for S𝑢>1400Mpa. From the S-N 

diagram, the die fatigue life can be determined based on the given amplitude and mean stresses.  

The proposed S-N curve relates the logarithm of the stress range to the logarithm of the number 

of cycles to failure in the medium and high cycle fatigue range under constant amplitude loading. 

Figure 3.20 depicts the S-N curve corresponding to steel. If the cycle stress of approximately 

1431 MPa is applied to the die steel, the failure will occur after 103 cycles. Furthermore, at 795 

MPa the S-N curve reaches the endurance limit. Thus, if the cyclic stress of 795 MPa or less is 

applied to the steel failure will never occur.  S-N curve of high cycle fatigue is composed of the 

following three parts. 

1. The inclined line of finite life region (N𝐹 in logarithmic scale) which shows longer 

fatigue life N𝐹 with decreasing stress amplitude (σ𝑎).  

2. The minimum number of fatigue cycles N𝑘𝑛𝑒𝑒=N2 (knee point) at which fatigue failure 

does not occur with additional stress cycles. 

3. The horizontal line of fatigue limit σ𝐷 below which no fatigue failure occurs. 

The estimated S-N curve can be drawn on log-log axes as shown in figure 3.20. S𝑚 is the 

material strength at 103 and difined as S𝑚 = 0.9 Su and the corected S𝑒 ≈ 0.5 Su  is ploted 

at 106 cycles, a straight line is drawn between S𝑚 and  S𝑒. The equation of a line from S𝑚 to  

S𝑒 is the Wohler equation expressed in eq. [3.3]. 
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Figure.3.20: estimated S-N curve (Wohler) for steels. 

In order to calculate the mean stress ( Sm), the estimated S-N Curve for steel depicted in figure 

3.20 is considered. 

 Sm = 0.9 ∗  Su = 0.9 ∗ 1590 Mpa = 1431 Mpa  

Adjusted fatigue limit(Modified endurance limit), SD = Se =  K𝐿 KG KS KT KSRS𝑒́ ≈ 0.5 ∗  Su 

where, KL =load factor,  KEN =environmental factor,  KS =size factor,  KT =temperature factor, 

 KSR = surface factor, and Sé = endurance limit. 

Se =  K𝐿 KG KS KT KRS𝑒́ ≈ 0.5 ∗  Su = 0.5 ∗ 1590 𝑀𝑝𝑎 = 795 𝑀𝑝𝑎  

By substituting the value of  Smand  Se, the alternating stress (amplitude stress) can be calculated 

at different values of number of cycles. 

𝑎𝑡, 𝑁 = 10, log10(𝑆) =
1

3
log10 (

795

1431
) ∗ log10(10) + log10 (

(1431)2

795
) = 3.325 

𝑆 = σ𝑎 = 103.325 = 2113.48 𝑀𝑝𝑎 
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Table 3.9: calculated values for maximum stress and number of cycles from S-N curve. 

Number of cycles(N) Alternating stress of AISI-H13 die steel (MPa) 

10 2113.48 

100 1740.60 

200 1640.6 

2000 1349 

1000 1431  

10000 1176.25 

20000 1108.9 

100000 966.94 

1000000 795 

10000000 653 

 

Figure.3.21: S-N curve for AISI-H13 die steel used for pickaxe piercing 
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CHAPTER4: ANALYTICAL  ANALYSIS OF FORGING LOAD 

The analytical solution is very important (essential) in designing the open-die forging process for 

small scale and medium scale industries. The aim of the present study was to develop an 

analytical model for the forging load during open die forging using rectangular work-piece. The 

purpose of the analytical method in the open-die forging process is to provide rough and quick 

estimation of the forging load. In line with the objective, the analytical modeling for rectangular 

cross-section was derived using an analytical derivation for work-piece with rectangular cross-

section. The model used the geometrical features (dimension, shape, material) of the work-piece 

as input.  

In this study, the finite element method-based simulation software (DEFORM-3D) was used to 

verify the performance of the derived analytical solution. Therefore, this analytical solution is 

used as a benchmark for validation using numerical methods.  

 4.1 Methods used for forging load analysis  

The primary objective of the mathematical analysis of a forging process is to estimate the forging 

load. In this study, the two modeling methods, Slab-line method and slip-line field method have 

been used to analysis the forging load of pickaxe work-piece material. The slab-line method is 

developed assuming a homogeneous material flow and a constant frictional shear stress during 

forming. The slip-line field method is used to analyze the pressure under the indentation of a 

narrow, frictionless punch. This method is more accurate for non-homogeneous deformation.  

4.2 Flow stress calculation for work-piece 

 Flow stress is a function of strain, strain rate and temperature. It was assumed that the flow 

stress of the workpiece metal is determined by the  power law Equation [3.1].Taking the value of 

Strain-rate sensetivity exponent(m), m=0.105, strength constant(C), C=244 Mpa, from data table 

2.2,the flow stress  for AISI-1045 is calculated  as follow:   

                             σo = Cɛ̇m                                                                              [4.1] 

where, ε̇ =Strain rate =
dε

dt
=

1

L
∗

dL

dt
=

V

h
     𝑎𝑛𝑑 ε = true strain = ln (

h0

h1
) 
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V =
 πNS

60
∗ sinαN 

Where, S=Stroke of main ram/constant/=200mm 

              V=velocity of the ram(mm/s) 

   N=Revolution of crank shaft=30 rpm 

 αN =Nominal crank angle 

The triple cranck press PK-300/100 with The rated pressure of  300 tons (2943 KN) was applied 

over a distance of h=200mm(0.2m). The permissible pressing force is located between 2500 and 

3000KN, as it can be identified from figure3.13. Therefore, the crack position above BDC 

(bottom dead center) is 100.i.e  αN =100  

 

Figure 4.1: Permissible press force and an eccentric press as a function of crank angle[29] 

V = velocity of the ram (
mm

s
) =

 πNS

60
∗ sinα =

 3.14 ∗ 30 ∗ 200

60
∗ sin10 ≈ 60mm/s 

ε̇ =Strain rate =
dε

dt
=

1

L
∗

dL

dt
=

V

h
=

60

41
= 1.46s−1 

ε = true strain = ln (
h0

h1
) = ln (

60

41
) = 0.38 ≈ 0.4 
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σo = Cɛ̇m = 244 ∗ (1.46)0.105 = 253.89 MPa(at 900C and strain of 0.4, C = 244, m = 0.105) 

▪ at 10000C, σo = 170.3 ∗ (1.46)0.134 = 178.84 MPa 

▪ at 11000C, σo = 108.9 ∗ (1.46)0.173 = 116.26MPa 

▪ at 12000C, σo = 74.5 ∗ (1.46)0.188 = 79.99 MPa 

 4.3 Calculation for forging load  

4.3.1  Indentation load Estimation (slip-line analysis) 

Indenting (Piercing) generally implies a blind cavity made by displacement with no removal of 

metal. It can be used to create a cavity or hole in the work piece. Piercing does not involve 

breaking through the metal's surface, like a drilling operation. Instead, the hole is pressed into the 

work-piece, hence it is a forging operation. With the listed assumptions and consideration  

1. the material is isotropic and homogeneous 

2. the deformation of material is plane strain type 

3. constant shear stress at interfaces 

4. the material is rigid-idealy plastic(i.e., no strain hardening  

Based on upper bound theorem, the total power disipated is given as sum of the power required 

for internal deformation , shear losses, and friction losses. 

Ė = Ẇinternal + Ẇshear + Ẇfriction 

Ė = ∫ σ̅ε̇dV
V

+ ∫ K|ΔV|dS +
SГ

∫ mK|ΔV|dS
Sf

 

Ẇinternal = rate of energy dissipation for internal deformation 

                   (= 0, no change in volume in dformation process) 

Ẇshear = rate of energy dissipation due to shear losses  

                 (= 0, for continuous velocity field)  

Ẇfriction = rate of energy dissipation due to friction losses  

Therefore,applying constant friction law,frictional power dissipated along the die surface and the 

interface of the work-piece can be obtained from the velocity discontinuities. Depending on 

figure3.14, the Work  done can be assumed along the shear force align to direct in  AB, BC, AC, 

and CD.  
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Figure 4.2: schematic diagram of shearing velocity direction in forging process 

shearing velocities VBA, VBC, VCA, and  VDC can be approximated usingV0(initial velocity of the 

piercing die). 

Where, V=sum of the shearing velocities forVBA, VBC, VCA, and  VDC to the normal surface. 

Shearing force along any boundary, per unit length(w=1) is K(shear yield stress) times the length 

of the boundary, L. 

𝐓𝐨𝐭𝐚𝐥 𝐩𝐨𝐰𝐞𝐫 𝐝𝐞𝐥𝐢𝐯𝐞𝐫𝐞𝐝 = (𝐬𝐡𝐞𝐚𝐫𝐢𝐧𝐠 𝐟𝐨𝐫𝐜𝐞) ∗ (𝐬𝐡𝐞𝐚𝐫𝐢𝐧𝐠 𝐯𝐞𝐥𝐨𝐜𝐢𝐭𝐲) 

 Ė = F ∗ V ⇒ FLV0 = 2KL ∗ V 

FLV0 = 2KL ∗ (VBA + VBC + VCA + VDC) 

 FLV0 = 2KL (
V0√2

√2
+ V0 +

V0

2
+

V0

2
) = 6KLV0 

using  σavg =
F

A
= P ⇒ F = P ∗ A   and   V = A ∗ V0 = LV0 

 PLV0 = 6KLV0 ⇒ P = 6K 
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On the rigtht side,each term has been counted twice for symmetry reasons. Due to the 

complexity of the 3D-geometrical models, the forging process is considered in the plane strain 

condition (two-dimensional). The non-uniformity in metal flow is not considered. Thus, plane-

strain assumes that plane section before the deformation remains plane during deformation. From 

Von-mise criteria for plane-strain condition: 

σ1 − σ3 =
2

√3
σ0 =  2τ = 2k, K =

σ0

√3
= 0.577 ∗ σ0 

⇒ P = 6K = 6 ∗
σ0

√3
= 3.46 ∗ σ0 

but the exact solution is P = 5.14K = 2.97 ∗ σ0. so it can be seen the effect of 

onstraint(redundant work): higher pressure. 

Non-homogeneous deformation and Redundant(unwanted deformation) work 

If the slab is thick or friction: 

▪ non-homogeneous deformation 

▪ redundant work 

If the slab is thin or unconstrained:  

(e.g., open die forging without friction) 

▪ no redundant work 

Redundant work limit (△= 𝐡/𝐋)(plane strain) 

▪ 
h

L
∠1, no redundant work, p = 1.15 ∗ σ0 

▪ 1 ≤
h

L
≤ 8.7, some redundant work, 1.15 ∗ σ0 ≤ p ≤ 2.97 ∗ σ0 

▪ 
h

L
≥ 8.7, redundant work − same as infinite plate, p = 2.97 ∗ σ0 

In this case,
h

L
=  

h

davg
=

60

42
= 1.4 ⇒ 1 ≤ 1.4 ≤ 8.7 

Redundat work correction factor(𝐐𝐫) 

Redundant work correction factor (Qr) Can be characterized by, p = Qr ∗ σ0. 
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By using the Tresca yield criterion (maximum shear stress criterion), correction factor for 

redundant work(Qr) is expressed by: 

 Qr =
P

σy
=

P

2τy
    from Tresca yield criterion, Ʈy = Ʈmax =

1

2
(σ1 − σ3) = σo     

(σ1 − σ3) = 2τy = 2σ0 ⇒ σy = 2τy = 2σo 

(For plane strain,σ1 − σ3 = σ1 = σy, σ3 = σz = 0) 

Qr =
P

2σo
, where σo = The flow strength of the metal = 253.89 MPa 

P = 6K = 3.46 ∗ σ0 = 3.46 ∗ 253.89 MPa = 878.46MPa 

 Qr =
P

2σo
=

878.46MPa

2 ∗ 253.89
= 1.73 

p = Qr ∗ σ0 = 1.73 ∗ σ0 = 1.73 ∗ 253.89 = 439.22MPa 

1.15 ∗ σ0 ≤ p ≤ 2.97 ∗ σ0 ⇒ 291.97 ≤ 439.22 ≤ 754MPa 

According to the redundant work limit criteria ,the piercing(forging) load  is within the range ,i. 

e. some redandant work. 

Average Piercing pressure due to punching operation 

Ppiercing = P = Qr ∗ σ0 = 1.73 ∗ σ0 

Ppiercing = 1.73 ∗ 253.89 = 439.22MPa 

4.3.2 Forging load estimation (slab-line method analysis) 

The slab analysis method with the assumption of constant frictional shear stress is used as the 

basis for the forging load calculation equation. The slab method assumes that the metal deforms 

uniformly in the deformation zone (material flow is homogeneous during forming) [33]. The 

purpose of the calculation is to find the forging load (F) using the approach of finding pressure 

distribution p(x) on die surface and integrating it. For an element, equilibrium  condition is 

considered to get a differential equation relating stresses in the variation direction (x,y). To 

simplify the analysis, the following assumsions have been made : 

▪ the forging force (F) attains its maximum at the end ot forging. 

▪ two-dimensional (plane-strain) cases are considered  

▪ The work piece material behaves like a ideal plastic material 
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▪ Elastic deformation and inertial effects are ignored  

▪ The coficient of friction(μ) between the workpiece and the die is constant. 

▪ Internal friction of the material is ignored 

▪ The forged material follows the von-mises falure criteria 

▪ The variation of the stress field along the y-direction is negligible, not considered. 

 

Figure 4.3: schematic diagram of slab method 

An element under the die of length (dx) is subjected to a longitudinal stress (σx) and a vertical 

stress(σy) due to a die pressure(p).Taking unit depth(D=1) into the diagram, width dx ,and 

height 2h.  

Equilbrium forces in the “X” direction  (horizontal). 

∑ Fx = 0 ⇒ (σx + dσx) ∗ 2h − (σx) ∗ 2h − (2τxy) ∗ dx = 0 

(dσx) ∗ 2h = (2τxy) ∗ dx ⇒
dσx

dx
=

τxy

h
 

Equilbrium forces in the “y” direction  (vertical) 

∑ Fy = 0 ⇒ σy ∗ dx + P ∗ dx = 0 ⇒ σy = −P 

Where, P=die pressure, σx, σy= longitudinal and vertial stress and  τxy=friction force 

Assuming a friction law, The usual choices are Coulomb friction (τ =μp), or sticking friction (τ = 

k, where k is the shear yield stress). 

Forging pressurre due to sticking condition (sticking friction (τ = k) 
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Psticking = Pavg = Y ∗ [1 +
a 

2h
] =

2

√3
σ0 ∗ [1 +

a 

2h
] 

Psticking =
2

√3
∗ 253.89 ∗ [1 +

15 

2 ∗ 41
] = 346.8 MPa 

Forging pressurre due to sliding condition(Coulomb friction, τ =μp) 

Pavg = Y ∗ [1 +
μa 

h
] =

2

√3
σ0 ∗ [1 +

μa 

h
] 

Pavg =
2

√3
∗ 253.89 ∗ [1 +

0.7 ∗ 15 

31
] = 392.46MPa 

Total Forging pressurre due to piercing , sticking, and sliding condition 

Ptotal = (Ppiercing +Psticking +Psliding ) = 439.22 + 346.8 + 392.46 = 1178.46 MPa 

Total Forging load due to piercing, sticking , and sliding condition 

Total forging load = (total average forging pressure) ∗ (area at the end of forging) 

Ftotal = Ptotal ∗ A 

Ptotal = total average forging pressure = (Ppiercing +Psticking +Psliding ) = 1178.46 MPa 

A = area at the end of forging =  projected area of forged workpiece on lower die  

A =  Arectangular part + Acircular part = w ∗ L + π ∗
d2

4
 

A = w ∗ L + π ∗
d2

4
= 0.03 ∗ 0.042 + π ∗

(0.058)2

4
= 3.9 ∗ 10−3m2 

Ftotal = (Ppiercing +Psticking +Psliding ) ∗ (w ∗ L + π ∗
d2

4
) 

Ftotal = (1178.46 ∗ 106Pa) ∗ (3.9 ∗ 10−3m2) = 4595994N 

Ftotal =
4595994N

9.81 ∗ 1000
= 468.5ton 

Average sticking pressure at different value of flow stress(𝛔𝐨) 

Psticking = Pavg =
2

√3
σ0 ∗ [1 +

a 

2h
] =

2

√3
σ0 ∗ [1 +

15 

2 ∗ 41
] = 1.366σ0 
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At σo = 253.89, Psticking = 1.366σ0 = 1.366 ∗ 253.89 = 346.8 MPa 

At σo = 178.84, Psticking = 1.366σ0 = 1.366 ∗ 178.84 = 244.29 MPa 

At σo = 116.26, Psticking = 1.366σ0 = 1.366 ∗ 116.26 = 158.8 MPa 

At σo = 79.99, Psticking = 1.366σ0 = 1.366 ∗ 79.99 = 109.26 MPa 

Average sliding pressure at different value of flow stress(𝛔𝐨) 

Pavg = Y ∗ [1 +
μa 

h
] =

2

√3
σ0 ∗ [1 +

0.7 ∗ 15 

31
] = 1.5458σ0 

At σo = 253.89, Psliding = 1.5458σ0 = 1.5458 ∗ 253.89 = 392.4 MPa 

At σo = 178.84, Psliding = 1.5458σ0 = 1.5458 ∗ 178.84 = 276.45 MPa 

At σo = 116.26, Psliding = 1.5458σ0 = 1.5458 ∗ 116.26 = 179.7MPa 

At σo = 79.99, Psliding = 1.5458σ0 = 1.5458 ∗ 79.99 = 123.6 MPa 

Piercing pressure at different value of flow stress(𝛔𝐨) 

Ppiercing = P = Qr ∗ σ0 = 1.73 ∗ σ0 

At σo = 253.89, Ppiercing = 1.73 ∗ σ0 = 1.73 ∗ 253.89 = 436.22 MPa 

At σo = 178.84, Ppiercing = 1.73 ∗ σ0 = 1.73 ∗ 178.84 = 309.4 MPa 

At σo = 116.26, Ppiercing = 1.73 ∗ σ0 = 1.73 ∗ 116.26 = 201 MPa 

At σo = 79.99, Ppiercing = 1.73 ∗ σ0 = 1.73 ∗ 79.99 = 138.38 MPa 

Total forging load at different value of flow stress(𝛔𝐨) 

 Ftotal = Ptotal ∗ A = (Ppiercing +Psticking +Psliding ) ∗ A 

At σo = 253.89, Ftotal = Ptotal ∗ A = 1178.46 ∗ (3.9 ∗ 10−3m2) = 4595994N = 468.5 ton  

At σo = 253.89, Ftotal = Ptotal ∗ A = 830 ∗ (3.9 ∗ 10−3m2) = 3237546N = 330 ton  

At σo = 253.89, Ftotal = Ptotal ∗ A = 539.5 ∗ (3.9 ∗ 10−3m2) = 2104050N = 214.48 ton  

At σo = 253.89, Ftotal = Ptotal ∗ A = 371.24 ∗ (3.9 ∗ 10−3m2) = 1447836N = 147.58 ton 
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Table 4.1: Summary of flow stress, forging pressure and forging load for pickaxe piercing die at different 

temperature and with coefficient of friction=0.7  

 

 

 

 

 

Table 4.2 Summary of stress, forging pressure and forging load for pickaxe piercing die at different 

temperature and with coefficient of friction=0.5 

 

 

 

 

 

Table 4.3: Summary of flow stress, forging pressure and forging load for pickaxe piercing die at different 

temperature and with coefficient of friction=0.3. 

 

 

Temperature(0C) Flowstress (σ0) 

(MPa) 

Forging pressure 

(MPa) 

Forging load 

N(ton) 

900 253.89 1178.46 4595994 (468.5) 

1000 178.84 830 3237546 (330) 

1100 116.26 539.5 2104050  (214.48) 

1200 79.99 371.24 1447836(147.58) 

Temperature (0C) Flowstress (σ0) 

(MPa) 

Forging pressure 

(MPa) 

Forging load 

N(ton) 

900 253.89 1178.46 4473378  (456) 

1000 178.84 830 3159546 (322) 

1100 116.26 539.5 2053350  (209) 

1200 79.99 371.24 1413126(144) 

Temperature(0C) Flowstress (σ0) 

(MPa) 

Forging pressure 

(MPa) 

Forging load 

N(ton) 

900 253.89 1178.46 4363008  (444.75) 

1000 178.84 830 3081663 (314) 

1100 116.26 539.5 2002767  (204) 

1200 79.99 371.24 1378299(140.4) 
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CHAPTER 5: RESULTS AND DISCUSSIONS 

5.1 Response of Simulation 

In order to quantify the forging load on the die, three-dimensional material flow simulations are 

first carried out using FEM. The forging process was simulated and the forging load was 

calculated using DEFORM-3D software. Using Taguchi’s experimental design method, a series 

of analysis were carried out to find the minimum forging load by changing the work-piece and 

die temperature, and the coefficient of friction between the die and work-piece. 

5.2 Optimization and forging process parameters 

The full factorial method i.e., Taguchi’s method was used to identify the best combination of 

factors to achieve the objective and to find the influence of each parameter on the result of the 

experiment. The objective of conducting the Taguchi experiment was to predict the optimum 

forging load and select the appropriate forging process parameters (factors). In this study, there 

are three factors and three levels of each factor. These factors were work-piece temperature (900, 

1000, 1050C), die temperature (150,200,250C), and coefficient of friction (0.3, 0.5, 0.7). 

According to the L27 Orthogonal Array, 27 experiments were conducted using the DEFORM-

3D simulation software. The response obtained from this simulation software was a forging load. 

The forging load obtained during 27 experiments was recorded and is shown in table 5.1. After 

obtaining the simulation results, the full factorial Taguchi problem was solved using MINITAB 

22 software. This statistical software showed the best optimal combination and contribution of 

each parameter to the forging load. To minimize the response parameter (forging load), a large 

signal-to-noise ratio (-46.8485) was considered. 

Table 5.1: Simulation result for forging loads and the corresponding S/N ratios 

Simulation 

Run 

Simulation control factors Response 

parameter 

S/N ratios for 

Forging load 

Work-piece 

Temp.(0C) 

die 

Temp.(0C) 

Friction 

coefficient(μ) 

Forging Load 

MN/ton 

R1 900 150 0.3 3.26/332 -50.4228 
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5.2.1 Response table of signal to noise ratios for forging load  

The signal to noise ratio response table indicates the rank of each parameter. The work-piece 

temperature (rank-1) was found to have a greater influence on forging load, followed by 

Table 5.1 continued  

R2 900 150 0.5 4.11/418.96 -52.4435 

R3 900 150 0.7 4.47/455.6 -53.1717 

R4 900 200 0.3 3.24/330 -50.3703 

R5 900 200 0.5 3.89/396.5 -51.9649 

R6 900 200 0.7 4.4/448.5 -53.0352 

R7 900 250 0.3 3.19/325 -50.2377 

R8 900 250 0.5 3.8/387.4 -51.7632 

R9 900 250 0.7 4.38/446.4 -52.9945 

R10 1000 150 0.3 2.57/260.9 -48.3295 

R11 1000 150 0.5 3.07/311.9 -49.8803 

R12 1000 150 0.7 3.58/364.9 -51.2435 

R13 1000 200 0.3 2.52/256.8 -48.1919 

R14 1000 200 0.5 3.06/312.9 -49.9081 

R15 1000 200 0.7 3.59/365.9 -51.2672 

R16 1000 250 0.3 2.51/255.86 -48.1600 

R17 1000 250 0.5 3/305.8 -49.7087 

R18 1000 250 0.7 3.33/339.4 -50.6142 

R19 1050 150 0.3 2.32/236.4 -47.4729 

R20 1050 150 0.5 2.77/282 -49.0050 

R21 1050 150 0.7 2.99/304.8 -49.6803 

R22 1050 200 0.3 2.2/224 -47.0050 

R23 1050 200 0.5 2.68/273 -48.7233 

R24 1050 200 0.7 2.92/298.6 -49.5018 

R25 1050 250 0.3 2.16/220 -46.8485 

R26 1050 250 0.5 2.57/261.9 -48.3627. 

R27 1050 250 0.7 2.86/291.5 -49.2928 



Fatigue Life Investigation For AISI-H13 Used for The Application of Pickaxe Die Using Numerical and Analytical 

Method 

69 

 

coefficient of friction (rank-2) and die temperature (rank-3). The main effect plot for the signal to 

noise ratio of three forging factors is shown in Figure 5.  The decrease in forging load was 

observed at a higher level of forging factors. Table 5.2 shows the optimal level value for each 

factor. The values in bold are the largest values of the S/N ratios. 

Table 5.2: signal to noise ratios Response table 

level Work-piece 

temperature(oC) 

Die 

Temperature(oC) 

Coefficient of 

friction(μ) 

1 -52.82 -50.18 -48.56 

2 -49.70 -50.00 -50.20 

3 -48.43 -49.78 -51.20 

delta 3.39 0.41 2.64 

rank 1 3 2 

Smaller is better 

 

Figure 5.1: Main affects plots for S/N ratios of the applied forging load 

The graphical representation of the S/N ratio in Figure 5.1 shows that the combination of 

1050,250 and 0.3 is the best combination to achieve the smallest forging load.  
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5.3 Regression Analysis and Analysis of variance (ANOVA) 

5.3.1 Regression Analysis of the minimum forging load 

To investigate the relationship between the dependent (forging load) and independent variables 

(forging process parameters), regression analysis was used in this study. The dependent factor in 

this study is the minimum forging load, whereas the independent factors are the work-piece 

temperature, die temperature, and coefficient of friction. The developed regression model is 

based on a regression analysis for the response and is given in an equation in terms of the work-

piece temperature (Tw=1050C), die temperature (Td=250C), and the coefficient of friction 

(μ=0.3). The predicted equation from the linear regression analysis for the minimum forging load 

is presented as: 

𝐹𝑜𝑟𝑔𝑖𝑛𝑔 𝑙𝑜𝑎𝑑(𝑡𝑜𝑛) = 1067.2 − 0.8506 ∗ 𝑇𝑤 − 0.1491 ∗ 𝑇𝑑 + 243.0 ∗ 𝜇 = 209.69 ≈ 210 

Percentage error =
simulation value(220) − predicted value(210)

simulation value(220)
 ∗ 100 = 4.68% 

The percentage error, among virtual simulation experiment and optimization (predicted) result 

was found to be within the acceptable limit (i.e., 4.68<5%).  

5.3.2 Analysis of variance (ANOVA) 

The purpose of ANOVA is to investigate which forging process parameters significantly affect 

the forging process. The experimental data (test data) was analyzed using the MINTAB software, 

which is specially used for test planning. In order to find out the significant effect of the forging 

process parameters such as work-piece temperature, die temperature, coefficient of friction, and 

their interaction on the forging process, ANOVA was carried out using experimental data. Table 

4.3 shows that work-piece temperature was identified as the most significant factor affecting 

forging load, with the highest percentage contribution of 61.33%. This implies that the work-

piece temperature plays a key role during deformation, whereas the coefficient of friction and die 

temperature have a percentage contribution of 0.87% and 37.12%, respectively. Next to the 

work-piece temperature, the coefficient of friction had the higher percentage contribution and 

affects (increases the forging loads) the forging load, resulting in inhomogeneous metal flow 

behavior. The die temperature has the lowest percentage contribution (p-value >0.05). DF stands 
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for degree of freedom, AdjSS stands for adjusted sum of squares, AdjMS stands for adjusted 

mean squares, F-value refers to variance ratio, and the P-value refers to probability value (p-

value <0.05 is significant and a p-value >0.05 is not significant). The effect is weaker at smaller 

values of adj MS. Sum of squares (SS) is obtained by summing the squares of the differences 

between each data value and the overall mean. The F- score for independent groups is calculated 

from the Mean Squares. The degree of freedom (DF) refers to the number of independent 

measurements (factors) used in calculating a sum of squares. 

 Sum of Squares = 𝑆𝑆𝑡𝑜𝑡𝑎𝑙 = 𝑆𝑆𝐵𝑒𝑒𝑡𝑤𝑒𝑒𝑛 𝐺𝑟𝑜𝑢𝑝𝑠 + 𝑆𝑆𝑊𝑖𝑡ℎ𝑖𝑛 𝐺𝑟𝑜𝑢𝑝𝑠(𝑒𝑟𝑟𝑜𝑟) = 86.1096  

DF = DF𝐵𝑒𝑒𝑡𝑤𝑒𝑒𝑛 𝐺𝑟𝑜𝑢𝑝𝑠 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑟𝑜𝑢𝑝𝑠 − 1 = 3 − 1 = 2 

DF = DF𝑊𝑖𝑡ℎ𝑖𝑛 𝐺𝑟𝑜𝑢𝑝𝑠(𝑒𝑟𝑟𝑜𝑟) = 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓𝑓𝑎𝑐𝑡𝑜𝑟𝑠 𝑖𝑛 𝑒𝑎𝑐ℎ 𝑔𝑟𝑜𝑢𝑝𝑠 − 1 = 9 − 1 = 8 

F = 𝑆𝑆𝑡𝑜𝑡𝑎𝑙 = 𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒𝑠(𝑀𝑆)𝐵𝑒𝑒𝑡𝑤𝑒𝑒𝑛 𝐺𝑟𝑜𝑢𝑝𝑠/𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒𝑠(𝑀𝑆)𝑊𝑖𝑡ℎ𝑖𝑛 𝐺𝑟𝑜𝑢𝑝𝑠(𝑒𝑟𝑟𝑜𝑟)  

𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒𝑠(𝑀𝑆)𝐵𝑒𝑒𝑡𝑤𝑒𝑒𝑛 𝐺𝑟𝑜𝑢𝑝𝑠 = 𝑆𝑆𝐵𝑒𝑒𝑡𝑤𝑒𝑒𝑛 𝐺𝑟𝑜𝑢𝑝𝑠/DF𝐵𝑒𝑒𝑡𝑤𝑒𝑒𝑛 𝐺𝑟𝑜𝑢𝑝𝑠 

𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒𝑠(𝑀𝑆)𝑊𝑖𝑡ℎ𝑖𝑛 𝐺𝑟𝑜𝑢𝑝𝑠(𝑒𝑟𝑟𝑜𝑟) = 𝑆𝑆𝑊𝑖𝑡ℎ𝑖𝑛 𝐺𝑟𝑜𝑢𝑝𝑠(𝑒𝑟𝑟𝑜𝑟)/DF𝑊𝑖𝑡ℎ𝑖𝑛 𝐺𝑟𝑜𝑢𝑝𝑠(𝑒𝑟𝑟𝑜𝑟) 

Table 5.3: Forging process parameters percentage contribution 

source DF AdjSS AdjMS F P Contribution % 

A 2 52.8141 26.4070 1041.66 0.000 61.33% 

B 2 0.7488 0.3744 14.77 0.002 0.87% 

C 2 31.9678 15.9839 630.51 0.000 37.12% 

A*B 4 0.0878 0.0219 0.87 0.524 0.102% 

A*C 4 0.1978 0.0497 1.96 0.194 0.23% 

B*C 4 0.0477 0.0119 0.47 0.756 0.055% 

Error 8 0.2028 0.0254   0.00235 

total 26 86.1096 42.8742   99.88≈100% 

5.4 Forging process simulation after optimization 

Figure 4.25 - 4.27 shows the forging simulation result obtained after using the optimal forging 

process parameters from Figure 4.24 and Table 4.13. The flow characteristics of the metal are 

sensitive to forging parameters such as work-piece temperature, die temperature, and friction 

coefficient. By increasing the forging temperature of the work-piece, the flow stress of the work-

piece is reduced, so minimizing the required forging load and making the stresses induced in die 

low. This increases lifespan of the die. 
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5.4.1 Forging load result 

Figure 5.2 shows the result of the optimized forging load. The value was 2.16 MN. The 

magnitude of the forging load varied with the stroke length (vertical distance of the upper die 

from the initial position to the final position of the forging stage). As can be seen in figure5.2, 

the forging load is increased progressively. From this one could conclude that forging load and 

stroke length have direct relationship. Therefore, the stroke length is considered as a forging 

parameter. 

 

Figure 5.2: The last stage of forging load. 

5.4.2 Maximum effective stress result 

The maximum effective stress on the work-piece at 1050 is 389 MP from Figue4.3. At room 

temperature, the Tensile strength is 560 MP and the yield stress is 275 MP. The effective stress 

of the work-piece at 1050 oC is greater than the yield stress (389> 275). This implies that the 

work-piece is plastically deformed. On the other hand, the effective stress of the work-piece at 

1050 oC is lower than the ultimate tensile strength (389<560). This means that the flow stress on 

the work-piece is reduced during the forging operation is decreased. i.e., could be easily 

deformed without mechanical damage. 
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Figure 5.3: Effective stress distribution for the pickaxe work-piece 

5.4.3 Maximum principal stress result  

The maximum principal stress (326Mpa) is less than the ultimate tensile stress; Therefore, the 

stress due to reaction force on the lower die is decreased.  

 

Figure 5.4: Maximum principal stress distribution for the work-piece 
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5.5 Fatigue life of the lower pickaxe die  

This study deals with constant amplitude loading conditions based on the S-N method. The lower 

pickaxe piercing die is isolated from the assembly set to conduct static and fatigue analysis. The 

boundary and loading conditions such as magnitude and direction of the loads as well as the 

location of constraints in the model are shown in Figure 3.21. An S-N curve is plot of the 

magnitude of an alternating stress relative to the number of cycles until failure of a material. The 

fatigue analysis of the reference material model in this study is based on the S-N method[13]. 

The S-N curve for the model is shown in Fig 5.6. Similar material properties, S-N curve data and 

maximum number of cycles are used in the present study to correlate with the Wohler model.  

5.5.1 Equivalent (von-misses) stress result 

The main variables to consider in die stress simulation are the effective stress and the maximum 

principal stress. The effective stress is used to determine whether plastic deformation has 

occurred at a location on the die. If an effective stress occurs in an area of the die close to or 

exceeding the yield stress of the die material, that region is at risk of plastic deformation. In this 

work,the simulation result of the equivalent(effective stress) is 1261.7 Mpa,which is less than the 

yield stress of the lower die material(1380Mpa). This means that  there is no elastic deformation 

in the die,thereby avoiding dimensional error in the  geometry of the forged workiece. 

 

Figure 5.5: Effective stress distribution for the lower pickaxe piercing die 

5.5.2 Maximum principal stress result 

The maximum principal stress shows wchich regions of the die are in a state of compression and 

which are in a state of tension. The maximum principal stress is extremely important in 
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determining whether a die will experience pre-matured failure due to fatigue. The die stress 

distribution in the  die corresponding to the highest load in a forging cycle is shown in Figure 

3.6. As can be seen from the maximum principal stress contour, the sides of the grooves are 

exposed to the compressive stress. This could promote the crack intiation of the die. 

Thus,working at low forging temperature and high (dry) friction coefficient  can be the cause of 

catastrophic (fracture) failure in hot forging pickaxe die. 

 

Figure 5.6: Maximum principal stress distribution for the lower pickaxe piercing die 

5.5.3 Fatigue Life result 

The possible fatigue life for the lower pickaxe piercing die is shown in the fatigue result contour 

plot. The die may fail after a certain number of cycles because of cracks or other damage will 

develop due to the cycling load of the forging recess. When the die is subjected to a higher 

forging load, greater than 2.16 MN, the number of cycles to failure is less. 
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Figure 5.7: Fatigue life analysis result for lower pickaxe piercing die 

5.5.4 Safety factor result 

The fatigue safety factor is the contour plot of the factor of safety with respect to a fatigue failure 

at a given design life. The maximum safety factor for this die displayed in Figure is 15. A fatigue 

safety factor of less than one indicates failure before the design life is reached. For this study, the 

result is 1.471, which is greater than one. This shows that the die can be maintained in the 

current forging condition (loading condition) until the design life cycle. 

 

Figure 5.8: Safety factor analysis result for lower pickaxe piercing die 

5.6 Impacts of forging process parameters on the die life 

The fatigue life and die fatigue stress corresponding to the forging  load in a forging cycle are 

shown in Table 5.4. The results show that  increasing the forging temerature and decreaseasing 

cofficient of friction  lead to a reduction  in the forging load, thus increasing the fatigue life of 

the die. The fatigue life of the die is improved by increasing the forging temperature above 
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1050oC and  redusing the coefficieint of friction below 0.3. Low cycle fatigue (LCF) in this  hot 

forging die is defined by a reduced number of cycles to failure (typically less than 10,000 

cycles). As observed in the table, the fatigue life of the die is 0 at work-piece temppprature of 

900 oC , cofficient of friction of 0.7 and at  all die temperatures. 

Table 5.4: Fatigue life analysis result for the lower pickaxe forging die 

  

 

 

S.Run Work-

piece 

Tmp 

(0C) 

Die 

Tmp 

(0C) 

 

Coefficient 

of 

friction(μ) 

Forging 

Load 

(MN) 

Equivalent 

stress 

(MPa) 

Max.stress 

 MPa 

 

Safety 

factor 

Fatigue 

Life 

(cycle) 

R1 900 150 0.3 3.26 1904.3 414.76 0.975 1.6e5 

R2 900 150 0.5 4.11 2400.8 522.9 0.773 1.35e4 

R3 900 150 0.7 4.47 2611 568.7 0.711 0 

R4 900 200 0.3 3.24 1892.6 412.2 0.981 1.62e5 

R5 900 200 0.5 3.89 2272.3 494.9 0.817 5.2e4 

R6 900 200 0.7 4.40 2570.2 559.8 0.722 0 

R7 900 250 0.3 3.19 1863.4 405.8 0.996 1.62e5 

R8 900 250 0.5 3.80 2219.7 483.5 0.836 9.28e4 

R9 900 250 0.7 4.38 2558.5 557.3 0.725 0 

R10 1000 150 0.3 2.57 1501.2 326.7 1.236 1e7 

R11 1000 150 0.5 3.07 1793.3 390.6 1.035 1e7 

R12 1000 150 0.7 3.58 2091.2 455.5 0.887 1.62e5 

R13 1000 200 0.3 2.52 1472. 320.6 1.261 1e7 

R14 1000 200 0.5 3.06 1787.4 389.3 1.038 1e7 

R15 1000 200 0.7 3.59 2097 456.7 0.885 1.62e5 

R16 1000 250 0.3 2.51 1466.2 319.3 1.266 1e7 

R17 1000 250 0.5 3.00 1752.4 381.7 1.059 1e7 

R18 1000 250 0.7 3.33 1945.2 423.6 0.954 1.62e5 

R19 1050 150 0.3 2.32 1939.3 422.4 0.957 1.62e5 

R20 1050 150 0.5 2.77 1618 352.4 1.147 1e7 

R21 1050 150 0.7 2.99 1746.6 380.4 1.063 1e7 

R22 1050 200 0.3 2.20 1285.1 279.9 1.445 1e7 

R23 1050 200 0.5 2.68 1565.5 340.9 1.186 1e7 

R24 1050 200 0.7 2.92 1705.7 371.5 1.088 1e7 

R25 1050 250 0.3 2.16 1261.7 274.8 1.471 1e7 

R26 1050 250 0.5 2.57 1501.2 326.9 1.236 1e7 

R27 1050 250 0.7 2.86 1670.6 363.8 1.111 1e7 
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CHAPTER 6: CONCLUSION, RECOMMENDATION AND FUTUTE 

WORK 

Conclusion  

The objective of this research is to optimize the forging load and investigate the fatigue life of 

the lower pickaxe die. In order to achieve this objective, the study combined numerical 

simulation methods and analytical analysis methods to simulate and predict the forging load in 

upsetting work-piece material. The two proposed methods are used to predict the forging load 

without the need for experiments. To obtain the results, the forging process was carried out using 

DORM-3D simulation software at constant flash thickness(10mm) and compared and validated 

with the analytical method. From the observation of obtained result, the following conclusions 

have been derived:   

From the comparison (validation) of  the mathematical model with that of the finite element 

method, it can be seen that the mathematical model result for rectangular work-piece at all 

forging temperatures of 900 0C and dry frictions of 0.7 is higher than the numerical simulation 

result. Hot forging is non-steady-state type process because metal flow, stresses and temperatures 

change frequently during the forging process. However, the analytical method considers the 

forging process as a steady state and does not consider the effect of the priheating  temperature 

of the die. For these reasons, it was difficult to accurately determine the forging load of the 

work-piece using analytical methods. On the other hand, at 1000-12000C, the numerical 

simulation resut is higher than the result of the analytical method because heat loss occurs 

between the work-piece and the die interface  with the environmet. Due to the heat loss, some 

amount of temprerature is reduced and leads an increase in the flow stress of the work-piece 

during the forging operation.   

The proposed analytical solution is agreed to numerical simulations results, which have an 

average error of 0.55%. The error was calculated using the ratio of the difference between 

analytical and simulated results to the analytical result. The proposed simulation process can 

assist in optimizing different forging process parameters. Furthermore, the proposed 

methodology can be considered as the one that allows the designer to address the solution for the 

selection of die material. 
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In this study, the optimization process is carried out using Taguchi optimization technique which 

is based on analysis of Variance (ANOVA) to obtain the desired optimum forging load. The 

three forging process parameters (factors) were work-piece temperature, die temperature and 

coefficient of friction. Among the three forging process parameters, work-piece temperature is 

the most significant parameter followed by coefficients of friction and die temperature. The 

work-piece temperature had the highest percentage contribution at 61.33%, the coefficient of 

friction had the higher percentage contribution at 37.12%, and the die temperature had the lowest 

percentage contribution to the forging load next to coefficient of friction. At higher values of the 

coefficient of friction, the deformation forces increase due to the inhomogeneous metal flow and 

filling the die becomes more difficult.Therefore, the use of lubricant minimizes friction and 

reduces barelling effect. The optimal levels (value) of the forging process parameters that must 

be maintained (controlled) during the forging process in order to reduce the forging load, are 

10500C for the work-piece temperature, 2500C for the die temperature, and 0.3 for the 

coefficients of friction.  

To investigate the relationship between the dependent (forging load) and independent variables 

(forging process parameters), regression analysis was used in this study. A linear regression 

model was used to predict the dependent factor. The regression analysis result for the forging 

load was 210 tons and was validated (compared) with the simulation result for the required 220-

tons of forging load obtained by test R25 of Taguchi method. The percentage error was 4.68%. 

 In this study, the forging capacity of the crank press machine is 300 tons. With dry friction at a 

coefficient of friction of 0.5, a work-piece temperature of 1050C, and a die temperature of 200C, 

the forging load was 273 tons. And with a coefficient of friction of 0.7, the forging load at the 

same work-piece and die temperature was 298.6 tons. Thus, the estimated forging loads are less 

than the forging load of the crank press. The minimum preheating temperature of the die and 

work-piece should be maintained at 2000C and 10500C respectively. Therefore, in order to 

extend the life of the die and reduce the die stress due to the reaction force, the parameters of the 

forging process should be optimized to reduce the flow stress of the work-piece. The 

investigation of fatigue life is performed based on the finite element analysis(using ANSYS 

work bench) considering the maximum forging load at the end of the forging stages and 

assuming the static loading condition. Constant amplitude was used to predict the fatigue life of 
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the lower die. This study will help to give manufacturer and user with information to improve die 

fatigue life. In my opinion, this proposed die life prediction model is practical and can be very 

effective for developing open hot forging die designs and for limiting and maintaining the 

optimized forging process parameters during the forging operation. By implementing the 

minimum  optimized forging load(2.16 MN), the number of fatigue lives before die failure can 

be extended to 1million cycles. From the  optimization point of view,numerical method is a very 

useful tool. 

Recommendation 

The hot forging process needs special attention because it has high importance among 

manufacturing process, involves mechanical and thermal load , and due to  the complicated 

nature of  non-linear physical and material  properties present during the forging process.Based 

on these facts, the finite element simulation must be applied  in modelling the  forging process to 

predict  the limits of  the forging process parameter. This is used to increase the die service life  

and improve the part (final product  quality by avoiding internal surface defects). From the 

experience of industrial surveys,individuals  tried to estimate the forging process parameters 

such as forging temerature usually with out measuring instruments (thermometers) and used an 

open furnace instead of a closed furnace to heat the work-piece. These practices contributed to 

forging die overload  and the production of poor quality forgings. Therefore, using quantified 

(measured) data to accurately estimate the forging load is essential to improve the performance 

of the forging process.    

Future work 

From the fatigue life investigations and optimation of forging process parameters, it was 

observed that the forging force required to forge the work piece was high at lower forging 

temperature and dry coefficient of friction. Therefore, it could be the cause of die overload; 

finally, catastrophic failure (fracture) can occur during the forging process. However, in hot 

forging process, thermal load is the second significant parameter of the forging process, which 

results from cyclic heating and cooling of the die surface at different forging temperature during 

the forging operation. Therefore, based on this problem, the investigation of the thermal fatigue 

life could be the next research focus for this understudied pickaxe forging die.   
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Appendices 

Appendix A 

A: 1.1. triple crank press PK-300/100 forging machine during forging operation for lower 

pickaxe piercing die  

 
A: 1.2 cracked lower pickaxe piercing die 
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A: 1.3 upper die (punch) used for piercing (indenting) operation for making hole. 

 
A: 1.4 the forged hot pickaxe at the moment of end forging operation   
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A: 1.5 trimmed and semi-finished pickaxes 

 
 

A: 1.6 finished pickaxe and the shape modified using hammering machine.  

 


